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INTRODUCTION 


With  the  signing  of  a  multilateral  comprehensive  nuclear  test  ban  treaty,  it  is  essential  for 
monitoring  efforts  that  multidisciplinary  "reference"  information  on  any  given  region  be 
readily  available  and  accessible  in  a  digital,  on-line  format  via  electronic  networks  or  on 
host  computers  used  by  concerned  researchers  and  decision  makers.  We  have  designed 
and  built  a  digital  geophysical  and  geological  information  system  to  help  in  these  efforts. 
Several  essential  data  sets  can  be  accessed  and  analyzed  with  ease  and  speed  within  this 
system.  The  data  sets  are  complete  with  "metadata"  information  allowing  users  to  be 
familiar  with  the  source,  resolution,  accuracy,  and  limitations  of  the  databases.  Data 
access  tools  are  also  an  important  part  of  the  whole  system,  since  it  would  be  very 
cumbersome  to  access  a  specific  data  set  among  all  types  of  databases  that  are  kept  on  the 
system.  This  developed  system  allows  a  user  to  search,  manipulate,  and  interact  with  the 
databases  easily  and  efficiently.  Our  GIS  system  and  scientific  results  are  of  direct 
relevance  to  US  efforts  in  enhancing  regional  seismic  monitoring  and  discrimination 
capabilities  and  to  the  implementation  and  operation  of  the  US  NDC  and  monitoring 
efforts. 

The  amount  of  information  available  for  the  Middle  East  and  North  Africa  region  is 
comparatively  limited.  In  order  to  enrich  the  content  of  our  database  and  provide  more 
detailed  data  sets,  we  also  conducted  several  seismological  studies.  It  is  well  known  that 
variations  in  crustal  and  lithospheric  structure  as  well  as  major  topographic  relief  are 
crucial  information  for  regional  event  location,  understanding  seismic  wave  excitation 
and  the  propagation  of  high-Jfrequency  regional  seismic  phases,  verification,  and  yield 
estimation  of  nuclear  and  chemical  explosions.  Our  research  was  focused  on  obtaining 
this  type  of  information  in  the  Middle  East  and  North  Africa  region.  We  obtained  crustal 
depth  and  velocities  beneath  broadband  seismic  stations  using  receiver  function  analysis, 
estimated  basement  depth  in  the  northern  Arabian  plate,  studied  recordings  of  earthquake 
and  chemical  explosion  characteristics  in  Morocco,  and  relocated  some  of  the 
earthquakes  along  the  northern  Moroccan  coast.  In  addition,  we  digitized  all  available 
crustal  scale  profiles  in  the  Middle  East  region.  By  using  these  interpretations  we 
produced  more  detailed  and  accurate  Moho  and  basement  maps  which  can  be  used  in 
modeling  efforts.  We  also  developed  the  first  digital  tectonic  map  of  the  Middle  East  and 
North  Africa  region.  Finally,  we  collected  significant  number  of  relevant  references 
related  to  geology  and  geophysics  of  the  Middle  East  and  North  Africa  region. 
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PART  I:  DEVELOPING  A  COMPREHENSIVE  GIS  DATABASE  SYSTEM 
(GEOID  -  GEOscience  Interactive  Databases) 

GEOID  is  a  Geographic  Information  System  (GIS)  with  extensive  internal  data  sets  as 
well  as  data  manipulation,  analysis,  search,  and  plotting  tools.  It  includes  data  sets  in 
four  different  categories:  geographic,  geophysical,  geological,  and  imagery/grids.  The 
system  has  been  developed  over  three  years,  and  it  continues  to  grow  in  size.  The  target 
scale  of  the  internal  data  sets  varies,  but  an  average  scale  of  1:1,000,000  is  preserved 
throughout  the  entire  system.  GEOID  provides  users  a  unique  opportunity  to  study, 
search,  and  anailyze  several  kinds  of  geophysical,  geological,  remote  sensing  and 
topography  data  simultaneously.  The  efficiency  and  the  speed  of  the  system  make  it 
more  valuable  for  users  who  need  to  access  critical  information  very  quickly.  The 
Comprehensive  Test  Ban  community  will  benefit  significantly  from  this  system.  Some 
of  the  benefits  of  the  GEOID  are:  better  event  location,  as  it  provides  the  most  accurate 
crustal  and  velocity  information  on  specific  regions,  providing  “ground  truth”  for  better 
calibration  efforts,  better  understanding  of  regional  seismic  phase  propagation  by 
providing  easy  to  use  tools  to  extract  crustal  scale  profiles  between  two  arbitrary  points, 
and  the  ability  to  interact  with  any  data  in  the  system.  GEOID  goes  far  beyond  just  map 
making,  helping  researchers  and  decision  makers  obtain  considerable  information  about 
the  geology  and  geophysics  of  a  region,  and  helping  in  efforts  before  and  after  an  On  Site 
Inspection  by  providing  comprehensive  geographical,  geological,  and  imagery 
information  about  that  region. 

GEOID  runs  on  top  of  a  commercially  available  Arc/Info  GIS  software.  Before  installing 
GEOID,  Arc/Info  software  must  be  present  in  the  system.  Currently,  the  system  is 
operational  only  on  a  UNIX  platform.  However,  the  system  dependence  is  quite  minimal 
and  with  little  effort  GEOID  can  run  on  any  platform  running  Arc/Info  software. 

Its  menu-driven  interfaces  eliminate  the  need  to  know  Arc/Info  prior  to  using  this  system, 
making  it  easy  to  use  and  attractive  to  all  users  at  all  levels.  Almost  all  the  programming 
in  GEOID  has  been  done  using  Arc/Info’s  internal  Arc  Macro  Language  (AML). 

Although  the  background  data  sets  (i.e.,  geographic  data)  in  GEOID  axe  global,  the 
geological  and  geophysical  data  sets  are  focused  on  the  Middle  East  and  North  Africa 
region.  There  are  a  few  global  data  sets  such  as  seismicity,  focal  mechanisms  of  larger 
events,  and  a  global  geology  map. 

The  database  format  is  Arc/Info’s  coverage  and  table  format.  Each  data  set  forms  a  layer, 
and  it  is  linked  with  other  data  sets  either  through  geographic  extent  and/or  with  feature 
items  located  in  each  data  set. 
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1.  Installing  GEOID 


GEOID  requires  about  6  Gbytes  of  disk  space  to  install.  In  the  distribution  tape  there  is  a 
README  file  which  details  the  installation  process  step  by  step.  You  need  write  access 
to  Arc/Info’s  home  directory,  as  you  need  to  copy  some  files  there. 

2.  Running  GEOID 

Accessing  the  entire  database  is  done  through  a  series  of  customized  menus.  The  main 
control  menu  is  shown  in  Figure  1.  In  order  to  start  the  program,  you  need  to  start 
Arc/Info  and  at  the  Arc:  prompt  type  “GEOID”.  A  global  map  with  oceans  highlighted 
will  be  plotted  and  the  main  menu  will  be  activated  (Figure  1).  This  is  the  default  setting. 


HftP  COSTaOI.S  ...  I 


Figure  1.  GEOID  starts  with  a  main  menu  and  a  global  map. 


2.1.  Menu  Driven  Access 

There  are  two  types  of  buttons  used  in  the  menus:  check  buttons  and  regular  buttons. 
Check  buttons  are  usually  used  in  displaying  any  individual  data  sets  and  are  activated  as 
soon  as  they  are  checked.  The  regular  menu  buttons  are  used  either  for  an  action  or  to 
start  up  a  new  sub  menu.  The  main  menu  includes  four  buttons,  three  of  which  initiate  a 


3 


sub  menu,  and  one,  the  exit  button,  quits  the  entire  program.  Buttons  which  start  up 
additional  sub  menus  are  indicated  by  three  dots  at  the  end  of  the  function  names. 

2.1.1.  Map  Controls 

The  “Map  Controls”  menu  can  be  accessed  using  the  button  in  Figure  1 .  This  button  will 
start  up  a  new  sub  menu  which  allows  setting  the  desired  map  limits  and  map  projection, 
adding  a  latitude  and  longitude  grid,  adding  a  legend,  and  zoom  options  (Figure  2). 

2. 1.1.1.  Set  Maplimits 

The  set  map  limits  button  is  used  to  set  up  a  region  of  interest.  One  can  choose  an 
already  defined  region,  such  as  the  Middle  East  and  North  Africa  or  North  America,  or 
type  in  latitudes  and  longitudes  bounding  the  area  of  interest  (Figure  3). 


MAP  CONTROLS 


Set  maplimits. 


Set  map  projection. 


Lat/Long  Grid 


Add  Legend 


Zoom  in 


Zoom  out 


Previous  zoom 


Done 


Figure  2.  Map  controls  menu  allows  users  to  set  essential  mapping  parameters. 


set_map_extent 


SELECT  A  BEGIOn  . . . 

ME  s  HA(  Middle  East]  Worth  Africaj H.  Americaj S.  America!  |Global 


OR  TYPE  IN  LAT  LON  VALDES  . . . 

Long.  max. (dd) ; 
Lat.  max. (dd) : 


Long.  min. (dd) ; 
Lat.  min.  (dd) : 


HELP 


CANCELl  DONE] 


Figure  3.  Set  map  limits  menu  allows  users  to  set  a  region  of  interest  either  by 
clicking  on  a  previously  defined  region  or  by  typing  latitude  and  longitude  values 
boimding  a  region. 
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2.1. 1.2.  Set  Map  Projection 


Map  projections  in  GEOID  are  done  on  the  fly  for  all  line,  polygon,  and  point  type  data 
sets.  The  grids  and  images  are  kept  in  Equirectangular  projection,  as  projecting  any  grid 
will  take  too  long  to  accomplish  on  the  fly.  Using  this  menu  users  can  set  one  of  the 
available  projections  and  define  the  projection’s  parameters  (Figure  4).  After  this  point, 
until  it  is  changed  again,  all  mapping  will  use  this  specified  projection.  It  is  possible  to 
change  the  projection  at  any  time  during  a  session.  The  default  projection  is 
Equirectangular.  A  warning  message  will  be  displayed  if  a  user  attempts  to  display  an 
image  file  when  a  different  projection  is  active.  In  this  release  there  is  no  option  of  using 
other  projections.  This  will  be  added  to  the  system  in  future  releases. 


Projections 


PROJECTIONS 

Mercator!  Lambertl  [Equiroctangular  Polyconicj 


HELP 


CANCEL  APPLY 


Figure  4.  Available  map  projections  in  GEOID.  In  each  projection  user  defined 
projection  parameters  can  be  entered  into  the  system. 


2.1. 1.3.  Lat/Long  Grid 

This  button  is  used  to  add  a  latitude- 
longitude  grid  and  grid  labels  to  the  map. 
A  sub  menu  allowing  a  user  to  choose 
grid  interval,  label  interval,  and  their 
locations  appears  on  the  screen  (Figure 
5).  After  typing  in  the  desired  numbers 
and  checking  the  “On”  button,  the  grid  is 
displayed  once  the  “Done”  button  is 
pressed.  It  is  also  possible  to  set  the 
label  format  with  this  menu.  Grid  label 
formats  are  DD,  DDM,  and  DMS 
representing  Decimal  Degree,  Decimal 
Degrees  -  Minutes,  and  Decimal  Degrees 
-  Minutes  -  Seconds,  respectively.  Both 
line  and  tic  (cross)  styles  are  supported  in 
latitude  and  longitude  grids.  Labels  can 
be  placed  on  top,  bottom,  left,  or  right  by 
highlighting  the  appropriate  button. 


Create  a  reference  grid 


GEtID  SPACING  (in  dd) 
I^ongitude ; 
Latitude ; 

Style: 


LABELING  OPTIONS  .  .  . 

Label  every  (deg)  longitude 

Label  every  QJ||||  (deg)  latitude 


Place  longitude  labels  at 
Place  latitude  labels  at 


[top  bottohI 
leftI  iRitaiT 


Label  fomat  pp'  ddm|  DMS| 


HELP  I 


CANCELl  DONE] 


Figure  5.  Menu  to  set  up  a  latitude  and 
longitude  grid.  Grid  interval  and  label 
interval  must  be  defined  separately  as 
different  numbers  can  be  set  for  each. 
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2.1.L4.  Add  Legend 

This  button  is  used  to  add  a  legend  for  the  map.  GEOID  automatically  detects  which 
data  sets  have  been  activated  and  generates  a  legend.  The  legend’s  scale  (i.e.,  its  size) 
can  be  changed  by  entering  a  scale  factor  (Figure  6).  The  majority  of  data  sets  will 
produce  a  legend  if  they  are  displayed.  However,  not  all  data  sets  can  be  seen  in  the 
legend.  It  is  possible  to  have  items  like  tectonic  units,  mine  locations,  and  crustal  profile 
locations,  but  items  like  coast  lines  and  country  borders  will  not  appear  in  the  legend 
box.  The  default  legend  will  appear  at  the  lower  right  comer  of  the  map.  However,  it 
can  be  moved  anywhere  on  the  page  by  clicking  the  Move  legend  button.  Once  this 
button  is  clicked,  you  need  to  define  the  new  position  and  mark  the  lower  left  comer  on 

the  screen.  By  clicking  the  Cancel  legend 
button  the  legend  can  be  removed  from  the 
map. 

2.L1.5.  Zoom  in,  Zoom  out,  and  Previous 
zoom 

These  three  buttons  are  used  to  set  a  zoom 
level.  Instead  of  using  the  Set  map  limits 
option  described  above,  one  can  use  the  zoom 
in  button  to  zoom  in  on  a  region  of  interest 
directly  from  the  screen.  Once  the  Zoom  in 
button  is  pressed,  two  comers  of  the  area  of 
interest  must  be  marked  on  the  screen.  You 
can  mark  the  comers  in  any  order.  The  new 
map  area  will  be  redrawn  when  two  points  are 
marked  in  the  screen.  The  Zoom  out  button 
zooms  back  to  initial  map  limits.  The  Previous  zoom  option  allows  going  back  one  step 
in  zoom  level. 

2.1.2.  Data  Sets 

The  data  sets  menu  button  (see  Figure  1  inset)  is 
the  button  through  which  all  the  data  in  the  system 
can  be  accessed.  Clicking  on  this  button  will 
activate  the  “Datasets”  menu  with  four  options 
representing  our  four  categories  of  data  classes: 

Geographic,  geophysical,  geological,  and 
images/grids  (Figure  7).  For  data  sources  and 
quality  refer  to  the  Metadata  section.  The 

following  sections  highlight  all  the  data  sets  and  Figure  7.  The  Data  sets  menu 
related  access  tools.  the  access  to  all  data  sets 

in  GBASE. 


Figure  6.  Menu  used  to  place  a 
legend  on  the  map. 
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Figure  8,  Menu  with  available  geographic  data  sets.  In  addition,  global  data  sets 
of  nuclear  power  plant  locations  and  known  nuclear  test  sites  can  also  be  accessed 
via  this  menu. 


Figure  9.  Map  obtained  after  the  selection  in  Figure  8  is  made. 


2.I.2.I.  Geographic  Data 


Geographic  data  sets  are  kept  and  accessed  through  this  button.  All  essential  geographic 
information  such  as  coastlines,  country  borders,  city  locations,  etc.,  are  available.  All 
available  data  sets  can  be  viewed  once  this  button  is  checked  (Figure  8).  All  geographic 
data  were  extracted  from  the  Digital  Chart  of  the  World.  The  original  data  sources  are 
maps  of  1 ,000,000  scale.  Hence,  this  represents  the  resolution  level  at  which  these  data 


an  n  otati  on  _mai  n  _ci  ti  es 


Select  cities  to  display  their  names: 
Select  all  cities  | 

Select  many  cities 
Select  inside  box 
unselect  all  cities! 


Cancel]  Done] 


Figure  10a.  Menu  to  label  the  city  names. 


Figure  10b.  Map  showing  the  main  city  location  data  set.  Four  cities  selected  and 
labeled  using  the  menu  shown  in  Figure  10a. 

sets  should  be  used.  In  order  to  speed  up  the  plotting  process  when  much  smaller  scale 
maps  are  requested,  a  resampled  low  resolution  data  set  is  plotted.  The  low  resolution 
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Figure  11.  Nuclear  power  plant  locations  in  the  world. 

data  are  the  default.  The  selection  criterion  above  the  geographic  data  sets  menu  labeled 
as  “low”  and  “high”  must  be  changed  to  high,  if  die  user  wishes  to  have  the  high 
resolution  data  sets. 

All  geographic  data  can  be  accessed  through  check  buttons  next  to  their  names.  As  soon 
as  any  data  set  is  checked,  it  is  plotted.  Figure  9  shows  an  example  of  output  with 
selections  shown  in  Figure  8  after  zooming  on  the  Middle  East  region. 

The  two  buttons  at  the  end  of  the  menu  (“Annotation  for  big  cities”  and  “Annotation  for 
small  cities”)  are  used  to  label  cities.  An  example  is  shown  in  Figures  10a  and  10b.  It 
is  possible  either  to  choose  all  the  cities  and  label  them  or  choose  a  few  cities  and  just 
label  the  chosen  ones.  Selecting  all  the  cities  usually  gives  overlapping  labels  due  to  the 
large  number  of  cities  being  selected.  In  order  to  prevent  this  problem,  it  is  better  to 
select  a  few  cities  using  the  “Select  many  cities”  button  and  mark  the  city  locations  that 
need  to  be  labeled.  As  many  cities  zs  necessary  can  be  selected.  Once  the  selection  is 
made,  the  9  key  on  the  keyboard  stops  the  selection  process  and  the  selected  cities  are 
labeled.  The  same  selection  criteria  can  also  be  applied  to  smaller  cities.  In  order  to 
remove  the  city  labels,  the  “Unselect  all  cities”  button  must  be  clicked.  This  removes  all 
of  the  selections  from  the  selection  file. 

Other  data  sets  that  are  kept  within  the  geographic  data  sets  menu  are  nuclear  power 
plant  locations  and  nuclear  test  sites.  Both  of  these  data  sets  are  global.  Figures  1 1  and 
12  show  these  data  sets. 
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Figure  12.  Map  showing  known  nuclear  test  site  locations. 
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Figure  13.  Map  showing  the  Turkish  and  Armenian  border  and  the  nuclear  power 
plant  in  the  region  (left).  Once  the  identify  button  is  clicked,  the  “i”  button  in 
Figure  8,  and  this  power  plant  is  selected  from  the  screen,  information  regarding 
the  power  plant  is  displayed  in  an  adjacent  new  window. 


In  the  geographic  data  sets  menu  as  well  as  in  all  other  data  set  menus  there  are  icons 
named  “i”.  These  icons  indicate  that  features  in  these  data  sets  can  be  identified,  and  all 
the  items  assigned  to  each  feature  can  be  viewed  from  the  screen.  For  example,  in  order 
to  identify  one  of  the  power  plants  in  the  Middle  East,  after  zooming  in  on  that  region, 
one  needs  to  click  on  the  icon  “i”  next  to  this  data  set.  This  will  initiate  an  interactive 
search.  Going  to  the  map  and  clicking  on  any  of  these  nuclear  power  plants  will  give 
information  and  attributes  about  the  selected  feature.  An  example  is  shown  in  Figures  13. 
After  zooming  on  the  Turkish  -  Armenian  border,  selecting  the  “i”  next  to  the  nuclear 
power  plants  data  set,  and  clicking  on  the  nuclear  power  plant  symbol  on  the  map,  a  new 
window  will  pop  up  on  the  screen  showing  all  the  attributes  available  for  that  data  point. 
This  option  is  quite  useful  throughout  the  GEOID  environment.  It  makes  maps  dynamic, 
and  allows  users  to  obtain  information  about  any  data  point  on  the  screen. 


Geophysical  data 


-  SEISMICITV 

@  fll  J  catalog 

^  j  ISC  Catalog 


^  j  CMT  Catalog 


J  XDC  Reviewed  Event  Bulletin 

^  ISC  phase  data  . .  . _ 1 

Ml  Plot  CMT  focal  mechanisms  . .  .  | 


-  MIDDLE  E&ST  CRUSTAL  PROEILES 
Ml  fil  — I  Display  profile  locations 

display  g-sections . . .  | 


-  SEISMIC  STATION  LOCATIONS 
^  J  Short  period  stations 

J  Broad  band  stations 


-  INTERNATIONAL  MONITORING  SYSTEM  (IMS) 

Stations  (Cnrrent/Proposed)  . . .  | 


^  J  Turkish  GPS  vectors 

HELP  I  CAMCELI  DONE  | 


Figure  14.  Geophysical  data  sets  menu.  Remaining  geophysical  data  sets  are 
included  in  the  Grids/Images  menu. 


The  buttons  labeled  “M”  in  this  menu  as  well  as  in  the  others  represent  the  metadata 
access  tools.  Each  data  set  contains  metadata  which  provides  information  about  the 
resolution,  accuracy,  source,  and  attributes  about  the  data  set.  In  a  later  chapter  the 
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metadata  will  be  discussed  in  more  detail. 


2.I.2.2.  Geophysical  Data 

Although  some  of  the  geophysical  data  sets  are  placed  under  the  images/Grids  menu 
option,  all  non-grid  type  data  sets  are  accessed  through  this  menu  button.  Figure  14 
shows  the  content  of  the  “Geophysical  Data”  menu.  The  data  sets  include:  Seismicity 
catalogs,  focal  mechanisms,  crustal  scale  refraction  and  gravity  profile  locations  and  their 
interpreted  depth  sections  in  the  Middle  East  region,  local  seismic  station  locations  in  the 
Middle  East  and  North  Africa,  broadband  station  locations  in  the  Middle  East  and  North 
Africa,  International  Monitoring  System  station  locations,  and  displacement  vectors 
obtained  by  GPS  in  the  eastern  Mediterranean. 


Figure  15.  Seismicity  along  the  Dead  Sea  fault  system  fi-om  the  ISC  catalog.  This 
map  is  obtained  by  first  zooming  in  on  this  region  and  then  checking  the  ISC  check 
button  in  the  geophysical  data  sets  menu. 

Earthquake  Catalogs 

We  collected  all  available  and  reliable  seismic  catalogs  and  placed  them  in  GEOID. 
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These  data  catalogs  include:  the  USGS,  the  International  Seismological  Centre  (ISC), 
Centroid  Moment  Tensor  locations  and  solutions  from  Harvard  University,  and  the 
International  Data  Centre’s  reviewed  event  bulletins.  Among  these  catalogs,  only  the 
ISC’s  catalog  is  global  and  is  complete  with  all  related  phase  data.  The  other  catalogs 
include  only  the  locations  and  primary  information  such  as  magnitude,  depth,  and  origin 
time. 

The  USGS  catalog  covers  the  period  from  1964  to  1992.  This  data  set  is  only  for  the 
Middle  East  and  North  Africa  region.  The  ISC  catalog  covers  the  period  from  1964  to 
1994.  It  is  global  in  nature  and  complete  with  all  the  phase  information.  The  CMT 
catalog  is  global,  and  most  useful  when  events  with  focal  mechanisms  need  to  be 
analyzed.  The  catalog  covers  a  time  period  of  1977  to  1996.  The  magnitudes  of  the 
earthquakes  in  this  catalog  are  5.5  or  higher.  All  the  events  are  complete  with  their 
attributes  as  provided  by  the  Harvard  group.  The  IDC  catalog  covers  a  much  shorter  time 
period  (1996  -  Sept,  1997),  as  the  IDC  is  a  new  organization.  The  IDC  events  include 
magnitude,  depth  and  origin  time  information. 

Figure  15  shows  earthquakes  from  the  ISC  catalog  along  the  Dead  Sea  fault  system  in  the 
Middle  East.  This  map  can  be  obtained  by  zooming  in  on  the  region  using  the  “Zoom  in” 
button,  then  checking  the  ISC  catalog  check  button  in  this  menu.  The  events  are  plotted 
with  varying  symbol  sizes  related  to  their  magnitudes. 


isc.catalog 


j  Show  Stations 
^  01  _J  Earthquakes 


Show  events  recorded  by  a  station 

Select  station/ s  from  screen  . .  . _ | 

Select  rectangular  area  coordinates  . . .  | 
Select  by  entering  station  name  ...  | 


Show  stations  which  recorded  an  event 

Select  event/s  from  screen  . .  . _ | 

Select  rectangular  area  coordinates  . . ,  | 

cancELl 


Figure  16.  ISC  phase  data  selection  tool.  Either  station  or  event  based  searches 
can  be  conducted. 
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ISC  Phase  Data  Selection  and  Analysis  Tools 

The  “ISC  phase  data”  button  can  be  used  to  start  up  new  tools  for  further  analysis  and 
selection  of  the  ISC  phase  data  (Figure  16).  One  can  search  the  ISC  data  set  by  either 
station  or  event  attributes.  In  either  case,  the  search  can  be  done  for  a  single  station/event 
or  a  group  of  stations/events  located  in  an  area  defined  by  a  box.  Selecting  a  single 
station  can  be  done  either  by  station  name  or  by  simply  clicking  on  any  station  on  screen. 
One  can  also  click  on  an  event  to  select  it  from  the  screen.  There  are  further  selection 
criteria  based  on  date,  depth  of  event,  and  azimuth  of  arrival.  For  example,  if  one  decides 
to  select  all  events  recorded  (and  reported  to  the  ISC)  by  station  TAB  in  Iran,  he/she  first 
clicks  the  “select  by  entering  station  name”  button.  This  will  initiate  a  secondary  menu 
shown  in  Figure  17.  In  this  menu,  the  station  name  “TAB”  is  entered  in  the  text  input 
area  on  top.  Then  any  other  selection  criteria  such  as  event  depth,  date,  distance  range  of 
events,  and  azimuths  can  be  entered.  In  this  example,  if  we  select  a  distance  range  of  0 
to  10  degrees  we  need  to  modify  the  default  distance  variables,  then  click  on  the  “Start 
search”  button.  This  search  will  return  all  the  events  in  the  range  of  0-10  degrees  from 
the  station  “TAB”  between  the  years  1964  -  1994.  The  output  on  the  screen  is  shown  in 
Figure  18a.  A  further  step  would  be  either  to  export  the  selection  as  an  ascii  file  or  to 
view  the  travel  time  plots  of  the  selected  data.  If  one  would  like  to  see 


Figure  17.  One  of  the  sub  menus  used  in  selecting  ISC  phases  by  station  name. 
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Figure  19.  IASPEI-91  travel  times  are  included  in  GEOID,  and  theoretical 
travel  times  of  each  of  the  available  phases  can  be  plotted  with  the  selected 
ISC  phases. 


the  travel  time  data,  a  click  on  the  “View 
Travel-Time  Curve”  button  will  initiate  a 
new  sub  menu  (Figure  19)  and  the  travel 
time  plot  will  be  displayed  on  the  screen.  In 
this  menu  there  are  options  as  well.  GEOID 
includes  IASPEI-91  travel -time  tables. 
Certain  phases  from  this  travel-time  table 
can  be  plotted  on  top  of  the  observed  phase 
arrivals.  First  a  depth  range  needs  to  be 
selected.  The  default  value  is  10km.  This 
value  can  be  changed  by  simply  clicking  on 
the  appropriate  depth  value.  Then,  any 
desired  phase  can  be  selected  from  the  list  in 
the  window.  Figure  18b  shows  the  phase 
readings  and  theoretical  Pn  and  Sn  phase 
arrivals.  It  is  also  possible  to  zoom  in  on  a 
region  in  the  travel-time  plot  using  the  zoom 
in  button. 


Focal  nachanisms  . . . 

sQloct  all  avants  | 

salact  boz  _ I 

salact  one  avant  [ 
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Options : 
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Scaling  factor  QH|||||||||  J  Scale  by  magnitude 
Symbol  size  J  Flzed  symbol  size 

Cancel  |  Done  [ 


Figure  20.  Focal  mechanism  plotting 
menu.  Events  can  be  plotted  after  a 
selection  is  made,  and  one  of  the  check 
buttons  is  checked. 


Focal  Mechanisms 

Harvard  Centroid  Moment  Tensor  (CMT)  solutions  are  included  in  GEOID.  In  order  to 
display  the  focal  mechanisms,  the  “Plot  CMT  Focal  Mechanisms”  button  needs  to  be 
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clicked  (Figure  14).  This  initiates  a  new  window  with  several  options  (Figure  20).  In  this 
menu  one  can  select  all  the  events  or  select  a  single  event  from  screen  or  events  located 
in  a  region.  A  linear  offset  can  be  applied  to  selected  focal  mechanisms.  Focal 
mechanisms  can  be  plotted  with  varying  sizes  relative  to  their  magnitudes  or  they  can  be 
plotted  at  a  fixed  size.  Once  the  selection  is  done,  clicking  on  one  of  the  checkbuttons  at 
the  bottom  of  the  window  plots  the  focal  mechanisms.  Figure  21  shows  an  example  plot 
showing  earthquake  locations  and  a  few  focal  mechanisms  in  Eastern  Turkey.  The  focal 
mechanism  data  set  is  global.  Hence,  a  similar  map  can  be  done  on  any  region  on  earth. 


Figure  21.  Focal  Mechanisms  of  a  few  selected  events  in  eastern  Turkey. 
The  focal  mechanism  data  set  is  global. 


Middle  East  Crustal  Profiles 

We  have  collected  from  the  literature  over  60  crustal  scale  cross  sections  in  the  Middle 
East  region.  All  profile  locations  as  well  as  their  interpretations  have  been  digitized  and 
added  into  GEOID.  Figure  22a  shows  the  locations  of  these  profiles.  A  similar  map  can 
be  obtained  by  simply  checking  the  data  set  labeled  “Display  profile  locations”  (Figure 
14).  In  order  to  see  the  interpreted  sections,  a  new  menu  is  initiated  by  clicking  on  the 
“Display  x-sections”  button.  This  will  erase  the  current  screen  and  plot  a  map  of  the 
Middle  East  region  with  all  available  profile  locations  in  the  upper  left  comer  of  the 
screen.  The  remaining  area  is  used  to  draw  the  cross  sections  (Figure  22b).  Up  to  three 
profiles  can  be  displayed  on  the  screen  at  a  time.  In  order  to  display  one  of  the  profiles, 
one  of  the  “select  profile”  buttons  need  to  be  pressed  and  the  desired  profile  must  be 
selected  from  the  map  on  the  screen  by  clicking  on  the  profile.  Once  a  profile  is  selected, 
it  will  be  displayed  in  the  reserved  area  on  the  screen.  The  interpreted  basement  is  drawn 
in  red  and  the  Moho  is  in  blue.  These  values  were  used  in  obtaining  the  Cornell 
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Figure  22a.  Locations  of  collected  crustal  scale  profile  locations  (thick  gray  lines). 


Figure  22b.  Up  to  three 
cross  sections  can  be 
displayed  on  the  screen.  The 
menu  shown  in  the  upper 
right  comer  allows  selecting 
the  profiles  from  the  map 
shown  in  the  upper  left 
comer. 
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basement  and  Cornell  Moho  data  sets  discussed  later  in  this  report.  Information  about 
each  profile  can  be  downloaded  into  an  ascii  file  by  clicking  the  “ascii  files”  menu 
button.  This  opens  up  a  new  window.  A  directory  path  and  a  file  name  for  each  profile 
must  be  entered.  Once  the  “Done”  button  is  clicked,  an  ascii  file  containing  all  relevant 
information,  such  as  publication  information,  type  of  data  set,  etc.,  is  written.  Using  the 
zoom  menu  button,  any  segment  of  the  map  or  profiles  can  be  zoomed  in,  once  they  are 
displayed  on  the  screen.  In  order  to  create  a  hardcopy  map  of  the  location  map  and/or 
profiles,  the  “hardcopy”  button  is  pressed  and  file  names  are  typed.  An  output  format  can 
be  selected  by  choosing  one  of  three  options:  Postscript,  Illustrator,  and  COM. 


Seismic  Station  Locations 

Data  for  all  broadband  stations  and  for  short  period  stations  from  some  of  the  countries  of 
the  Middle  East  were  collected  and  entered  into  the  GEOID  system.  The  broadband 
stations  are  complete  with  attribute  information  such  as  the  operating  agency  of  the 
station,  operation  period,  and  instrument  type.  The  short  period  station  locations  are  not 
complete  for  the  Middle  East  and  North  Africa  region.  However,  the  station  locations 
imder  the  ISC  phase  data  coverage  are  more  complete  and  can  be  used  to  replace  these 
station  locations. 
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Figure  23a.  Menu  to  display  the  IMS  stations. 
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International  Monitoring  Station  Locations 

We  entered  all  the  International  Monitoring  System  (IMS)  locations  into  the  GEOID 
system.  A  menu  to  access  these  data  sets  can  be  initialized  by  clicking  on  the 
“International  Monitoring  System”  stations  menu  (Figure  23a).  The  locations  of  the 
stations  were  taken  from  the  signed  Comprehensive  Test  Ban  Treaty  agreement.  The 
stations  are  divided  into  four  different  categories:  Seismic,  hydroacoustic,  infrasound, 
and  radionuclide.  A  map  of  these  stations  can  be  obtained  by  marking  the  check  mark 
areas.  Using  the  “i”  button  located  on  top  of  the  window,  more  information  about  each 
site  can  be  obtained.  First  clicking  on  the  “i”  button  and  then  on  the  desired  station 
location  would  give  the  station  attributes  in  a  popup  window.  Figure  23b  shows  all  the 
stations  located  in  the  Middle  East  and  North  Africa  region. 


Figure  23b.  IMS  Stations  in  the  Middle  East  and  North  Africa  region.  Circles  and 
upright  triangles  are  seismic  stations;  squares  and  upside-down  triangles  are 
radionuclide  stations;  diamonds  are  infrasound  stations. 


Turkish  GPS  vectors 

These  continental  motion  vectors  show  relative  surface  motion  in  the  Eastern 
Mediterranean  region,  mainly  in  Turkey.  Figure  24  shows  available  vector  locations  and 
their  motions  relative  to  Eurasia. 
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ARCPLOT 


Figure  24.  GPS  vectors  in  the  Eastern  Mediterranean  region. 


ARCPLOT 


Figure  25.  Digitized  faults  of  the  Middle  East  and  North  Africa  region.  These 
faults  are  parts  of  the  Middle  East  and  North  Africa  tectonic  map  that  is  available  in 
GEOID. 
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2.I.2.3.  Geological  Data  Sets 


Several  geological  data  sets  have  been  included  in  the  GEOID  environment.  These  data 
sets  include  a  new  tectonic  map  of  the  Middle  East  and  North  Africa  region,  a  low 
resolution  global  geology  map,  a  detailed  geology  map  of  the  United  States,  and 
additional  data  sets  such  as  mine  locations  in  the  Middle  Eastern  and  North  African 
countries,  world  stress  map,  and  historically  active  volcanoes  of  the  world. 


Figure  26.  Menu  designed  for  the  Middle  East  and  North  Africa  tectonic  map. 


Tectonic  Map  of  the  Middle  East  and  North  Africa 

Several  tectonic  and  geology  maps  in  the  Middle  East  and  North  Africa  have  been 
digitized  and  merged  to  create  a  uniform  scale  tectonic  map  of  this  region.  This  data  set 
includes  features  like  faults,  volcanics,  basement  outcrops,  and  ophiolites.  Most  features 
in  the  tectonic  map  have  also  been  supplemented  with  related  information,  such  as  the 
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activity  of  faults,  detailed  age  information,  etc.  Figure  25  shows  all  the  faults  in  the 
region.  These  data  sets  can  be  accessed  through  the  “Tectonic  Maps”  button  under  the 
“Geological  Data  Sets”,  and  then  under  the  “Middle  East  and  North  Africa  Tectonic 
Map”  button  (Figure  26).  Using  this  menu,  any  of  the  tectonic  features  can  be  selected 
and  displayed,  and  features  in  the  map  can  be  identified. 

Mine  Locations 

Mine  locations  in  most  of  the  Middle  East  and  North  African  countries  have  been  entered 
into  the  system  (Figure  27).  The  data  are  organized  by  country  and  can  be  accessed 
through  the  menu  button  available  in  the  “Geological  Data  Sets”  menu.  Detailed 
information  exists  for  Algeria,  Egypt,  Iran,  Iraq,  Israel,  Jordan,  Libya,  Syria,  Tunisia, 
Turkey,  and  Morocco  mines.  In  addition,  less  detailed  mine  locations  from  the  USGS, 
DCW,  and  US  Bureau  of  Mines  sources  have  been  added.  Figure  28  shows  the 
producing  mine  locations  in  the  Middle  East  and  North  Africa  region.  Each  of  the 
locations  are  complete  with  attributes  such  as  commodity,  mine  type,  activity,  etc. 
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Figure  27.  Mine  locations  for  most  countries  in  the  Middle  East  and  North  Africa 
have  been  entered  and  added  into  the  database  system. 


World  Stress  Map 

World  stress  data  compiled  by  several  organizations  have  recently  been  made  available. 
We  copied  these  data  and  placed  them  in  GEOID  with  all  their  attributes.  This  data  set 


Figure  28.  Producing  mine  locations  in  the  Middle  East  and  North  Africa 
region. 


Figure  29.  World  Stress  map  menu  available  under  the  geological  data  sets. 

includes  stress  direction  estimated  from  earthquake  focal  mechanisms,  borehole 
measurements,  and  field  data.  This  data  set  is  available  through  the  “World  Stress  Map” 
button  under  the  geology  data  sets  (Figure  29).  A  small  region  near  the  southern  Dead 
Sea  fault  is  shown  with  available  stress  measurements  in  Figure  30. 


Figure  30.  Stress  directions  in  the  southern  Dead  Sea  fault  region 


Holocene  Volcanoes 

Holocene  volcano  locations  are  a  comprehensive  list  of  historically  active  volcano 
locations  (Figure  31).  This  data  set  is  avEiilable  for  the  entire  world.  The  volcanoes  data 
set  can  be  accessed  through  the  “Holocene  Volcano  Locations”  button.  There  are  four 
different  categories:  Erupted  between  1900  -  1993,  Erupted  1  -  1900,  Erupted  B.C. 
and/or  imdated,  and  thermal  activity/uncertain. 

World  Geology  Map 

In  addition  to  the  data  sets  mentioned  above,  there  is  a  global  geology  map  of  the  world. 
This  map  has  lower  resolution  information,  and  it  should  be  used  with  regional  or 
continental  scale  applications.  Figure  32  shows  this  data  set  in  the  Middle  East  and  North 
Africa  region. 


2.1.2.4  Images/Grids 

The  grids  and  images  comprise  a  significant  volume  of  the  data  sets  within  the  GEOID 
environment.  Several  of  these  data  sets  were  collected  as  images.  Others  were  gridded 
for  easier  use.  The  cell  size  in  each  data  set  was  determined  by  either  data  point  density 
or  final  disk  space  usage.  All  the  data  sets  in  this  category  are  projected.  Projecting  them 
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Figure  32.  Geology  map  of  the  Middle  East  and  North  Africa.  This  is  a  global  data  set. 
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on  the  fly  would  take  too  long  to  display.  The  selected  projection  is  Equirectangular, 
which  is  also  the  default  projection  in  GEOID.  The  data  sets  can  be  accessed  from  the 
main  menu  by  pressing  the  “Images/Giids”  button.  The  projection  is  set  to 
Equirectangular  automatically;  if  it  has  been  set  to  some  other  projection  by  the  user,  a 
warning  message  is  displayed.  Figure  33  shows  the  Images/Grids  menu. 
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Figure  33.  Images/Grids  menu  and  available  data  sets 


Topography 

At  the  top  of  the  list  are  the  topography  data,  which  include  submarine  bathymetry  as 
well.  The  cell  size  of  this  data  set  is  2  km.  However,  the  original  topography  data  had  a 
resolution  of  1  km.  The  bathymetry  data  came  from  two  different  data  sets,  one  with 
about  3  km  cell  size  beneath  most  of  the  oceans,  and  the  other  with  10  km  cell  size 
covering  the  polar  regions.  We  merged  all  these  data  sets  and  generated  a  2  km  cell  sized 
data  set,  hence  subsampling  the  land  areas  and  over  sampling  the  bathymetry.  Figure 
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Figure  34a.  Topography  and  bathymetry  data  of  the  Atlas  mountains  in 
northwestern  Africa. 


Figure  34b.  Hill  shaded  topography  of  the  same  area  shown  in  Figure  34a. 
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34a  shows  part  of  this  data  set  in  the  Atlas  mountains  in  North  Africa.  We  also  created  a 
hill-shaded  representation  of  the  topography.  This  representation  allows  the  relief  to  be 
highlighted,  and  it  is  convenient  for  display  purposes.  Figure  34b  shows  the  same  area  as 
Figure  34a  with  shaded  relief  option. 

Eurasia  Basement  Map 

The  Eurasia  basement  map  covers,  as  its  name  implies,  most  of  Emasia.  It  is  taken  from 
the  former  Soviet  Union’s  IPE  (Institute  for  the  Physics  of  the  Earth)  maps.  The  data 
were  gridded  to  a  cell  size  of  10km.  Figure  35  shows  part  of  this  data  set  in  the  Middle 
East  and  North  Africa  region. 


Figure  35.  The  Eurasia  basement  map  covers  parts  of  the  Middle  East  and  North 
Africa. 


Eurasia  Moho  Map 

The  Eurasia  Moho  map  is  similar  to  the  Eurasia  basement  map  in  its  source,  spatial  extent 
and  cell  size.  Both  the  basement  and  Moho  maps  can  be  used  for  continental  scale 
applications.  Using  them  in  regional  and  local  studies  may  be  misleading  due  to  their 
nature.  They  are  averaged  and  simplified  and  there  is  not  an  independent  way  of 
checking  the  quality  of  the  reported  values.  Figure  36  shows  the  Moho  values  in  the 
Middle  East  and  North  Africa  region. 


Cornell  basement 

This  data  set  was  developed  entirely  at  Cornell  for  the  Middle  East  region.  Results  from 
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Figure  36.  Eurasia  Moho  map  covers  parts  of  the  Middle  East  and  North  Africa. 


several  published  studies  as  well  as  original  work  in  Syria  were  used  in  generating  this 
data  set.  The  refraction  and  gravity  profiles  taken  from  the  literature  are  shown  in  Figure 
22a.  Figure  37  shows  the  basement  values  and  geographic  extent  of  the  data  set. 


Cornell  Moho 

The  Cornell  Moho  data  set  is  also  entirely  developed  at  Cornell  using  several  data  sets 
including  the  profiles  shown  in  Figure  22a,  gravity  maps,  surface  wave  tomography 
results,  and  receiver  function  studies.  Figure  38  shows  the  Moho  values  and  the 
geographic  extent  of  the  data  set.  This  is  the  most  reliable  Moho  map  in  this  region.  The 
values  can  be  confirmed  with  published  data  sets  and  other  studies. 

University  of  Colorado  Basement 

This  data  set  was  obtained  from  surface  wave  tomography  studies  by  the  University  of 
Colorado  group.  The  data  set  covers  much  of  Asia  including  parts  of  the  Middle  East. 
Figure  39  shows  this  data  set  and  its  geographic  extent. 

University  of  Colorado  Moho 

This  is  also  a  data  set  obtained  from  surface  wave  tomography  by  the  University  of 
Colorado  group.  The  data  set  also  covers  an  area  in  Asia  with  some  Middle  Eastern 
coverage.  Figure  40  shows  this  data  set. 
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Figure  37.  Cornell  basement  map  of  the  Middle  East. 


Lg  Coda  Q  Values. 

Lg  coda  Q  values  were  computed  for  Eurasia  by  the  St.  Louis  University  research  group. 
The  values  were  obtained  from  a  tomographic  inversion.  The  coda  Q  values  represent 
the  efficiency  of  Lg  wave  propagation  in  the  crust.  Figure  41  shows  the  Lg  coda  Q 
values  in  the  Middle  East  region. 

Pn  Velocity 

Seismic  Pn  phase  velocities  were  obtained  from  the  New  Mexico  State  University 
research  group.  The  data  set  was  obtained  using  a  Pn  tomography  technique  in  the 
Middle  East  region.  The  values  represent  variations  from  a  base  velocity  of  8.0  km/s. 
Figure  42  shows  the  data  set  and  its  geographic  extent. 

Bouguer  Gravity  Data 

These  Bouguer  gravity  data  were  obtained  by  gridding  the  point  data  provided  to  us  by 
the  Defense  Mapping  Agency.  We  are  not  at  liberty  to  disclose  the  locations  that  were 
used  in  gridding.  However,  a  secondary  data  set  is  provided  under  the  Metadata  section  to 
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Figure  38.  Cornell  Moho  map  of  the  Middle  East 


Figure  39.  University  of  Colorado  Basement  map. 
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Figure  40.  University  of  Colorado  Moho  map. 


Figure  41.  Lg  Coda  Q  values  obtained  from  St.  Louis  University. 
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Figure  42.  Pn  velocity  variations  in  the  Middle  East  obtained  from  the 
New  Mexico  State  University  group. 


Figure  43.  Bouguer  gravity  data  in  the  Middle  East  and  North  Africa. 
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represent  the  variance  of  the  grid  provided.  Figure  43  shows  the  Bouguer  gravity  map. 


TM  Images 

We  currently  hold  a  data  set  of  about  100  TM  scenes  in  the  Middle  East  and  North  Africa 
region.  A  selection  of  these  scenes  is 
now  available  in  GEOID.  The  original 
TM  scenes  are  about  30  m  resolution. 

The  data  sets  in  GEOID  are  subsampled 
versions  of  these  data  sets.  The  new  cell 
size  is  285  m.  The  scenes  were 
registered  and  a  mosaic  was  formed. 

The  scenes  cover  two  regions;  one  in  the 
Atlas  mountains  of  North  Africa,  and 
the  other  in  the  Northern  Arabian  plate. 

Figure  44  shows  the  mosaic  over  the 
Middle  East  region.  The  other  scenes 
are  being  processed  and  registered. 

There  are  two  other  “tools”  that  are 
provided  at  the  bottom  of  the 
“Images/Grids”  menu.  One  of  these  is 
used  to  add  a  scale  bar  for  the  grids,  and 
the  other  one  is  used  in  profile  making. 

The  Profile  Maker  will  be  discussed  in  plate^ . .  . . 

the  next  section. 

The  Profile  Maker 

The  profile  maker  is  a  tool  developed  at  Cornell  to  extract  profiles  or  cross  sections  from 
the  gridded  data  sets.  The  profile  maker  can  be  used  to  extract  cell  values  along  a 
transect,  or  it  can  be  used  to  construct  crustal  scale  cross  sections  including  topography, 
basement,  and  Moho  values.  Clicking  on  the  “Profile  Maker”  button  initiates  a  new  sub 
menu  and  redraws  the  screen.  The  screen  is  divided  into  two  sections:  one  to  plot  the 
map  and  the  other  to  view  the  profile  (or  cross  section)  values.  In  the  Profile  Maker 
menu  first  the  grids  need  to  be  selected  from  the  “Select  the  grids”  menu  (Figure  45). 
Then  two  point  locations  representing  the  beginning  and  end  points  of  the  profile  need  to 
be  entered.  This  can  be  done  by  either  entering  the  values  in  the  text  entry  locations  or 
by  selecting  the  “Select  2  points  from  the  screen”  button  and  marking  two  points  on  the 
screen.  Following  this,  pressing  on  the  “apply”  button  would  extract  the  requested 
profile  or  cross  section.  Figure  46  shows  a  sample  output  of  a  cross  section  obtained 
using  topography,  basement,  and  Moho  values.  A  great  circle  path  approximation  is 
applied,  so  that  the  distance  along  the  profile  is  the  minimal  distance  between  the  end 
points.  The  extracted  profile  can  be  saved  in  an  ascii  file  or  plots  of  the  map  and  the 
cross  section  can  be  made  using  the  hardcopy  button. 
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Figure  44.  TM  mosaic  of  the  Northern 
Arabian  plate. 
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Figure  45.  The  Profile  Maker  menu.  First  the  grids  need  to  be  selected.  Then 
marking  two  points  on  the  map  or  just  entering  the  transect’s  end  coordinate  values 
enables  the  profile  to  be  extracted  by  selecting  the  apply  button. 


Figure  46.  An  output  from  the  Profile  Maker.  Three  grids  are  selected  for  this  cross 
section:  Topography,  basement,  and  Moho. 


2.1.3.  Tools  and  Utilities  in  GEOID 

GEOID  is  developed  with  certain  tools  and  utilities.  As  discussed  in  section  2.1.1  some 
of  the  map  creation  tools  are  kept  under  that  section.  However,  we  developed  several 
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other  tools  that  can  help  users  in  their  data  analysis  and  mapping.  In  the  next  section  we 
will  explain  other  available  tools  shown  in  Figure  47. 


Figure  48.  Arc/Info  commands  can  be  entered  through  this  menu.  This  allows  users 
to  add  their  own  data  sets  as  external  inputs  to  GEOID.  The  external  data  sets 
become  part  of  the  GEOID  environment  and  all  the  projection,  hardcopy,  and  other 
options  are  applied  to  them  directly  as  if  they  were  internal  data  sets. 
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Run  Arc  Plot  Command 

This  Arc/Info  command  access  tool  (Figure  48)  is  developed  for  users  who  are  familiar 
with  Arc/Info.  Using  this  tool  one  can  extract  information  from  the  system  or  plot  one’s 
own  external  data  and  make  it  part  of  the  GEOID  system.  For  example,  if  a  user  has 
his/her  own  data  set  that  he/she  would  like  to  display  with  the  data  sets  in  GEOID,  all  the 
user  has  to  do  is  type  the  regular  Arc/Info  commands  that  would  plot  the  Arcinfo 
coverage  in  one  of  the  five  entry  lines  given  in  the  Arc  Plot  Command  menu.  This  would 
make  the  new  data  set  an  external  part  of  the  GEOID  system.  All  the  zoom,  map 
projections  and  printing  option  would  work  with  this  external  data  set.  This  makes  the 
GEOID  system  quite  powerful  for  expansion.  Similarly,  if  the  user  has  multiple  data  or 
they  require  selection  and  definitions,  then  the  user  can  create  an  AML  program  and  run 
it  from  these  command  lines.  This  is  quite  a  useful  tool  for  those  who  wish  to  add  their 
data  into  GEOID  and  take  advantage  of  GEOID’ s  structure. 

Redraw  Map 

The  Redraw  Map  button  is  used  when  some  of  the  mapping  parameters  are  changed.  In 
order  to  erase  the  screen  and  redraw  the  modified  selections  this  button  needs  to  be 
pressed.  It  will  redisplay  all  the  selected  items  in  the  right  order  (i.e.,  polygons  would  not 
overlay  point  or  line  data  sets). 

Symbol  Sets 

Each  data  set  in  GEOID  is  plotted  with  a  default  symbol  type  and  color.  However,  using 
the  symbol  sets  menu,  one  can  overwrite  the  default  parameters.  The  “Symbol  Sets” 


Figure  49.  Symbol  Sets  menu  allows  changing  default  symbol  types  for  each 
data  set. 

menu  (Figure  49)  allows  one  to  change  line,  marker  and  shade  colors  as  well  as  size  of 
the  symbols.  For  example,  earthquakes  are  plotted  with  circles  as  default.  If  one  wants 
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to  plot  them  as  pluses,  the  plus  symbol  from  the  “Symbol  Sets”  menu  needs  to  be 
selected.  Following  that  step,  the  earthquake  data  set  must  be  re-checked  in  order  for  the 
change  to  take  effect.  Once  changed  the  new  symbol  stays  changed  until  the  session  is 
closed.  Similarly,  all  the  line  and  shade  types  can  be  changed.  The  “Set  point-line- 
textcolor”  button  allows  the  user  to  a  new  color  for  these  items. 

Enter  Points 

This  is  also  a  window  for  user  input. 

If  the  user  has  a  few  points  (lat,  long 
pairs)  that  he/she  wishes  to  display  in 
GEOID  with  its  data  sets  without 
creating  Arc/Info  files,  this  menu 
provides  an  easy  solution  (Figure  50). 

Typing  longitude  and  latitude  pairs  in 
the  text  area  in  this  menu  would 
display  them  in  GEOID.  The  typed 
values  remain  there  until  they  are 
cleared  by  pressing  the  “clear  all 
values”  button  in  this  menu. 

Measure  Distance 

The  Measure  Distance  button  is  a  Figure  50.  The  “Enter  Points”  menu 
simple  tool  to  measure  a  line  distance  allows  users  to  define  points  manually, 
between  two  or  more  points.  Once  this  These  points  are  plotted  on  the  map. 
button  is  clicked,  the  user  must  mark 
points  on  the  map.  A  minimum  of  two 

points  is  required.  However,  as  many  number  of  points  as  necessary  can  be  entered.  The 
entry  should  end  by  hitting  the  “9”  key  from  the  keyboard.  This  \vill  produce  an  output 
in  the  terminal  window  giving  the  distance  obtained  by  connecting  the  points  in  inches 
and  in  map  units  (usually  in  meters). 

Measure  Area 

Measuring  area  is  very  similar  to  the  “Measure  Distance”  tool.  The  only  difference  is 
that  a  minimum  of  three  points  is  needed  to  define  an  area.  When  the  selection  of  the 
area  on  the  screen  is  done,  the  “9”  key  will  quit  the  area  definition  and  the  output  will  be 
written  in  the  terminal  window. 

Save  Algorithm/Load  Algorithm 

These  two  tools  allow  users  to  save  the  environment  that  they  are  in  (such  as  the  map 
extent  area,  displayed  data  sets,  symbols,  etc.)  and  restores  back  to  that  environment  upon 
loading  the  algorithm.  Within  a  session,  all  changed  symbol  sets  or  selected  data  sets 
will  be  saved  and  restored.  Once  the  session  is  exited,  all  this  information  is  lost.  These 
algorithm  buttons  are  used  to  restore  the  saved  environment  quickly. 
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Hardcopy 

This  is  a  tool  used  in  obtaining  a  hardcopy  of  the  screen  output  (Figure  51).  The  user  can 
set  a  map  scale,  a  page  size,  page  layout,  and  an  output  file  format.  The  default  output 
format  is  postscript.  An  extension  is  added  to  the  output  file  name. 


Create  a  Hardcopy 


Scale: 


33487467.01578 


Hardcopy  size 

[j]  Page 
z: 

y: 

Page  layout  . . 


(inches)  . . . 
size:  7  z  9 


S’  0 


j 


Hardcopy  format  . . . 

postscript  GIF|  Illustrator!  CGM| 


output  directory: 
output  file  name: 


CAHCELl  DOHEl 


Figure  51.  Hard  copy  menu  allows  users  to  create  a  hardcopy  of  the  map  on  screen. 


Reset  All  Variables 

This  button  resets  all  the  variables  already  changed  and  returns  to  the  beginning 
environment. 
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PART  II:  DIGITAL  DATABASES  FOR  USE  IN  REGIONAL  DISCRIMINATION 
OF  EARTHQUAKES  AND  MINE-RELATED  EXPLOSIONS  IN 
NORTH  AFRICA:  A  JOINT  EFFORT  WITH  THE  LLNL 


Ground  truth  information  was  provided  to  the  Lawrence  Livermore  National  Laboratory 
for  experimental  discrimination  of  mine-related  explosions  from  earthquakes.  Remotely 
sensed  data,  knowledge  of  regional  geology  and  tectonics,  and  other  data  sets  were 
provided  for  two  distinct  projects  at  LLNL:  (1)  Detection  of  recent  strip-mining  activity 
using  satellite  remote  sensing  by  Dr.  William  Pickles,  and  (2)  Discrimination  of  mine- 
related  explosions  from  earthquakes  using  regional  waveform  data  by  Dr.  David  Harris 
and  Dr.  William  Waiter.  The  primary  contact  person  at  Cornell  for  this  activity  was 
Francisco  Gomez,  a  graduate  student  whose  studies  focus  on  the  regional  geology  and 
tectonics  of  Morocco.  Two  visits  were  made  to  LLNL  by  Francisco  Gomez  during 
Winter  1996  and  Winter  1997,  as  well  as  one  visit  to  Cornell  by  Dave  Harris  during  the 
Summer  of  1997. 

As  part  of  this  work,  several  data  products  were  produced  for  use  of  the  researchers  at 
LLNL.  All  of  these  have  already  been  delivered  to  LLNL.  A  summary  of  these  data  is 
given  in  Table  1. 

1.  Monitoring  Mining  Activity  Using  Remote  Sensing 

One  of  the  largest  mining  operations  in  Morocco  is  the  phosphate  mining  area  near 
Khouribga  and  Oued  Zem  (Figure  1).  At  these  locations,  phosphate  is  mined  from 
extensive  sedimentary  layers  through  strip-mining.  As  a  result,  mines  and  piles  of 
tailings  are  clearly  visible  in  satellite  imagery  and  aerial  photographs.  Documentation  of 
each  mine  blast  is  kept  by  the  Moroccan  authorities,  and  this  information  has  been  made 
available  to  researchers  at  Cornell.  Digital  Landsat  Thematic  Mapper  (TM)  imagery  (ca. 
1984)  of  the  region  was  provided  to  LLNL  for  Dr.  Pickles'  research,  along  with  stereo 
aerial  photographs  acquired  from  the  Division  of  Cartography  in  the  Moroccan  Ministry 
of  Agriculture.  Published  topographic  and  geologic  maps  were  also  provided. 

Additional  digital  Landsat  Thematic  Mapper  (TM)  data  were  provided  to  LLNL  as 
needed,  along  with  data  processing  algorithms  for  viewing  with  ERmapper  digital  image 
processing  software.  Data  were  provided  for  several  regions  of  northern  Morocco  and 
one  area  of  southern  Tunisia.  TM  data  have  a  spatial  resolution  of  28.5  meters  and 
provide  spectral  resolution  in  the  visible,  near  infrared  and  mid  infrared.  The  semi-arid  to 
arid  climate  of  much  of  North  Africa  is  ideal  for  distinguishing  lithological  and  soil 
variations  using  these  images. 

2.  Discrimination  of  Explosions  from  Earthquakes 

Other  efforts  were  made  at  LLNL  to  identify  mines  based  on  seismic  cluster  analysis,  and 
once  again,  we  provided  supporting  information  to  LLNL  researchers.  These  areas  were 
in  the  region  of  Gafsa,  Tunisia  (Figure  2),  and  the  Prerif  and  Khouribga/Oued  Zem  areas 
of  Morocco  (Figure  1).  Landsat  TM  imagery  (ca.  1986  and  1984,  respectively)  was 
provided,  along  with  digital  image  processing  algorithms  developed  at  Cornell  for  use 
with  ERmapper  image  processing  software. 
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Figure  1.  Map  showing  the  regions  of  interest  for  seismic  activity  and  mine  correlation  study. 
KOZ=  Khouribga/Oued  Zem  mining  areas;  PR=  Pre-Rif;  MDT=  Broadband  seismic 
station. 
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One  of  the  key  products  was  a  digital  database  of  mines  in  Morocco.  This  was  produced 
from  information  provided  by  the  Moroccan  Ministry  of  Energy  and  Mines  listing  all  of 
the  mines  for  metallic  and  non-metallic  resources  in  the  coimtry.  This  database  also 
includes  information  about  the  minerals  being  mined,  the  type  of  deposit,  morphology, 
age,  rock  type,  and  mineralogical  associations.  All  of  this  information  was  entered  into 
GEOID  system  for  use  with  other  data  sets.  Locations  of  each  mine  are  given  to  the 
nearest  minute.  The  mines  are  described  in  more  detail  in  Panorama  de  L’ Industrie 
Mini  ere  (Overview  of  the  Mineral  Industry)  published  by  the  ministry  in  1990.  The 
database  does  not  contain  information  about  periods  of  activity  of  the  mines,  but  it  is 
presumed  that  most  in  the  list  were  active  at  the  time  of  publication.  This  database  is  also 
included  on  the  tape  with  the  rest  of  the  database  package. 

Another  product  was  a  digital  image  file  of  the  Carte  Miniere  et  Energetique  du  Maroc 
(Mineral  and  Energy  Map  of  Morocco),  also  published  by  the  ministry  in  1982. 
Although  this  information  is  dated,  it  is  the  only  published  map  available  and  provides 
information  about  mine  production.  The  GIS  database  is  more  up-to-date  than  this  map. 

Identifying  phosphate  strip  mines  corresponding  to  suspected  explosions  was  successful 
with  the  satellite  imagery  due  to  the  surface  effects  and  the  distinct  spectral  signature  of 
phosphate  mine  tailings.  The  suspected  events  in  the  Pre-Rif  region  of  Morocco, 
however,  were  not  successfully  correlated  with  mines  or  mine-like  features  in  the  satellite 
imagery.  (It  should  be  noted  that  the  imagery  is  approximately  5  years  older  than  the 
data  used  in  the  cluster  analysis.)  These  regions  involve  mining  that  may  employ 
different  techniques. 

This  effort  is  ongoing,  and  we  will  continue  to  provide  assistance  as  needed.  Dr.  Harris 
and  Dr.  Walter  plan  to  process  more  data  in  Morocco  that  overlaps  with  the  operation  of 
the  Moroccan  regional  seismic  network.  This  should  provide  additional  constraints  on 
event  locations. 
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Table  1.  Table  showing  data  provided  to  LLNL  under  this  segment  of  the  contract. 


Data  Product 

Date 

Source 

Format 

Moroccan  Mine 

Database 

1990 

compiled  from 

data  provided  by 

Ministry  of 

Energy  &  Mines 

ARC/INFO, 

ASCII 

Mineral  & 

Energy  Map  of 

Morocco 

1982 

Ministry  of 

Energy  &  Mines 

scanned  from 

1 :2,000,000  map, 

in  TIFF  &  BIT 

formats  (w/ 

Ermapper  header 

files) 

Topographic 

maps  of 

Khouribga-  Oued 

Zem  region 

1950s 

Division  of 

Cartography, 

Ministry  of 

Agriculture 

1:100,000;  paper; 

scanned  at  LLNL 

Geologic  Map  of 

Khouribga- 

Oued-Zem 

1970s 

Ministry  of 

Energy  &  Mines 

1:100,000;  paper; 

scanned  at  LLNL 

Landsat 

Thematic 

Mapper  (TM) 

image  data 

1984  (Morocco) 

1986  (Tunisia) 

EROS  Data 

Center  (USGS) 

BIL  files  with 

Ermapper  header 

files 

Aerial 

photographs  of 

Khouribga-Oued 

Zem 

1990 

Division  of 

Cartography, 

Ministry  of 

Agriculture 

1 :40,000;  paper 

Notes 
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PART  III.  MIDDLE  EAST  AND  NORTH  AFRICA  LOCAL  COUNTRY  SEISMIC 
BULLETINS 

We  have  organized  all  of  the  available  earthquake  locations,  station  locations,  and  phase 
data  from  local  bulletins  from  the  Middle  East  and  North  Africa  region.  In  all  cases, 
except  for  one,  the  formats  are  the  same;  fixed  column,  Fortran  style  ascii  formats 
containing  all  of  the  data  that  we  were  able  to  extract  from  these  files.  Unfortunately, 
due  to  differences  in  the  methods  of  location  from  country  to  country,  we  left  out  some 
of  the  parameters  which  are  unique  to  that  country’s  particular  network  and  are  not  in 
our  estimation  vital  information.  We  have,  however,  provided  the  original  data  that  we 
have  started  from,  so  users  can  go  back  to  the  original  data  to  extract  these  attributes. 
These  data  are  provided  in  the  attached  digital  tape.  It  is  also  important  to  note  that  we 
have  finished  putting  31  years  of  ISC  phase,  event,  and  station  data  (totalling  some  25 
million  phase  readings)  into  ARC/INFO  format  as  well  as  having  incorporated  it  into 
our  GIS  menu  system.  This  database  contains  an  even  more  comprehensive  database 
than  the  regional  one  we  are  providing  here.  We  have  also  included  phase  readings  from 
the  Lebanese  station  BHL.  This  data  file  has  not  been  reformatted  because  Lebanon 
does  not  currently  produce  earthquake  location  bulletins  and  hence  we  were  not  able  to 
associate  the  phase  picks  with  earthquakes  using  a  local  catalog. 

1.  Earthquake  Catalogs 

The  formats  for  the  local/national  earthquake  catalogs  for  the  Middle  East  are  generally 
fairly  similar.  Unfortunately  most  countries  provide  very  little  information  concerning 
error  analysis.  The  format  we  have  used  for  these  ascii  flat  files  is  uniform  except  for 
Turkey.  We  have  a  catalog  which  has  been  compiled  from  a  variety  of  networks  in 
Turkey  since  1985.  This  is  a  very  large  catalog  because  it  includes  seismicity  in  western 
Turkey,  a  very  active  region. 

Phase  Data 

We  have  phase  data  for  three  countries;  Syria,  Morocco,  and  Saudi  Arabia.  The  data 
files  with  the  format  below  have  been  created  by  extracting  phase  data  only  when  the 
event  coordinates  were  given.  In  the  original  phase  files  there  are  a  large  number  of 
phase  readings  for  unspecified  and  unassociated  teleseismic  and  regional  events.  We 
have  also  included  phase  data  from  Lebanon;  however,  the  phase  picks  have  not  been 
associated  with  corresponding  seismic  events  since  Lebanon  does  not  produce  a  national 
catalog. 

Station  Data 

Along  with  each  of  the  phase  data  files  we  have  given  corresponding  station  files.  All 
stations  referenced  in  the  phase  data  files  are  present  in  these  files.  All  of  the  station 
names  are  imique,  that  is,  if  a  station  changed  location  we  have  changed  the  name  of  that 
station  name  in  the  phase  and  station  data  files. 

Hardcopy  Catalogs 

Cornell  also  has  a  large  number  of  hardcopies  of  local  earthquake  catalogs  and  phase 
readings.  Within  this  database  we  have  phase  reading  and  earthquake  location  data  for 
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Israel  from  the  period  1982  to  1991.  We  also  have  earthquake  locations  and  phase  data 
from  Jordan  for  the  years  1983  through  1991  in  hardcopy  form.  For  Yemen  we  also 
have  phase  readings  and  local  earthquake  locations  for  the  year  1996.  We  have  phase 
readings  as  well  as  earthquake  locations  from  the  Kandilli  Observatory  seismic  network 
in  Turkey.  Upon  request  we  would  be  happy  to  provide  hardcopies  of  some  of  these 
bulletins. 
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PART  IV:  METADATA 


It  is  important  that  data  be  accompanied  by  written  documentation  to  enable  accurate 
assessment  of  their  reliability.  Metadata,  or  "data  about  data",  describe  the  content, 
quality,  condition,  source,  history,  and  other  characteristics  of  a  dataset.  Without 
metadata,  this  information  is  known  only  to  those  who  acquired  or  modified  the  data  and 
the  data  lose  value  as  the  information  is  lost.  With  metadata,  prospective  users  can 
determine  what  data  exist,  the  fitness  of  these  data  for  their  applications,  and  the 
conditions  for  accessing  these  data. 

To  provide  consistency  for  users  with  datasets  from  other  sources,  the  Federal 
Geographic  Data  Committee  (FGDC)  Content  Standard  for  Digital  Geospatial  Metadata 
was  applied.  Metadata  standards  facilitate  data  sharing  through  time  and  space.  The 
standard  specifies  the  information  content  of  metadata  for  a  set  of  digital  geospatial  data; 
its  purpose  is  to  provide  a  common  set  of  terminology  and  definitions  for  documentation 
related  to  these  metadata.  The  standard  establishes  the  names  of  data  elements  and 
groups  of  data  elements,  the  definitions  of  these  data  elements  and  groups,  and 
information  about  the  values  that  are  to  be  provided  for  the  data  elements. 


The  FGDC  data  elements  are  as  follows: 

Identification  Information  -  basic  information  about  the  data  set.  Examples  include  the 
title,  the  geographic  area  covered,  currentness,  and  rules  for  acquiring  or  using  the  data. 

Data  Quality  Information  -  an  assessment  of  the  quality  of  the  data  set.  Examples  include 
the  positional  and  attribute  accuracy,  completeness,  consistency,  the  sources  of 
information,  and  methods  used  to  produce  the  data. 

Spatial  Data  Organization  Information  -  the  mechanism  used  to  represent  spatial 
information  in  the  data  set.  Examples  include  the  method  used  to  represent  spatial 
positions  directly  (such  as  raster  or  vector)  and  the  number  of  spatial  objects  in  the  data 
set. 

Spatial  Reference  Information  -  description  of  the  reference  frame  for,  and  means  of 
encoding,  coordinates  in  the  data  set.  Examples  include  the  name  of  and  parameters  for 
map  projections  or  grid  coordinate  systems,  horizontal  and  vertical  datums,  and  the 
coordinate  system  resolution. 

Entity  and  Attribute  Information  -  information  about  the  content  of  the  data  set,  including 
the  entities  types  and  their  attributes  and  the  domains  from  which  attribute  values  may  be 
assigned.  Examples  include  the  names  and  definitions  of  features,  attributes,  and  attribute 
values. 

Distribution  Information  -  information  about  obtaining  the  data  set.  Examples  include  a 
contact  for  the  distributor,  available  formats,  information  about  how  to  obtain  data  sets 
online  or  on  physical  media  (such  as  cartridge  tape  or  CD-ROM),  and  fees  for  the  data. 
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Metadata  Reference  Information  -  information  on  the  currentness  of  the  metadata 
information  and  the  responsible  party.  Examples  include  currentness  and  information 
about  the  organization  that  provided  the  metadata. 

(Metadata  overview  is  from  the  FGDC  website  at  http://www.fgdc.gov/Metadata/metavl- 
O.html  and  http://www.fgdc.gov/Communications/Metadata/Metabroc.html) 

The  complete  Metadata  for  data  sets  mentioned  in  the  previous  sections  are 
included  in  the  attached  CD-ROM. 
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PART  V;  RESULTS  OF  ORIGINAL  SEISMOLOGICAL  RESEARCH 

IN  SUPPORT  OF  CTBT 


A.  CRUSTAL  STRUCTURE  IN  THE  MIDDLE  EAST  AND  AFRICA:  GRID 
SEARCH  INVERSION  OF  RECEIVER  FUNCTIONS 

Abstract 

A  grid  search  inversion  is  used  to  estimate  average  crustal  thickness  and  shear  wave 
velocity  structure  beneath  12  three-component  broadband  seismic  stations  in  the  Middle 
East,  North  Africa,  and  nearby  regions.  The  crustal  thickness  in  these  regions  is  found  to 
vary  from  a  minimum  of  8  ±  2  km  in  East  Africa  (Afar  region)  to  a  maximum  of  60  ±5 
km  in  the  lesser  Caucasus.  Stations  located  within  the  stable  African  platform  indicate  a 
crustal  thickness  of  about  40  km.  Teleseismic  waveform  data  are  used  to  create  receiver 
fimction  stacks  for  each  station.  Using  a  grid  search  inversion  scheme,  we  have  inverted 
for  the  optimal  and  most  simple  shear-velocity  models  beneath  each  station.  The  grid 
search  inversion  method  guarantees  that  we  solve  for  the  global  minimum  within  our 
defined  model  parameter  space.  Using  the  grid  search,  we  also  qualitatively  estimate  the 
least  number  oJf  layers  required  to  model  the  observed  receiver  functions’  major  seismic 
phases  (e.g.,  PSf^oho)-  ^  jackknife  error  estimation  method  is  used  to  test  the  stability 

of  our  receiver  function  inversions  for  all  12  stations  in  the  region  that  have  recorded  a 
sufficient  number  of  high  quality  broadband  teleseismic  waveforms.  The  12  estimates  of 
crustal  thicknesses  are  consistent  with  known  crustal  variations  and  tectonic  settings  in 
these  regions. 

Introduction 

In  the  Middle  East  and  Afiica  there  is  only  very  sparse  coverage  of  three-component 
broadband  seismic  stations  (Figure  1).  In  order  to  improve  knowledge  of  the  crustal 
seismic  velocity  structure  in  the  regions  we  have  used  receiver  functions  for  all 
broadband  stations  located  in  the  Middle  East  and  North  Africa.  By  inverting  these 
receiver  fimctions  we  place  constraints  on  Moho  depth  and  average  shear  wave  velocities 
in  regions  where  few  geophysical  measurements  have  been  made.  We  have  opted  to 
determine  first-order  features  of  the  crust  and  uppermost  mantle;  therefore,  we  have  only 
interpreted  the  first  20  seconds  of  the  teleseismic  P-wave  coda. 

Receiver  fimction  inversion,  both  quantitative  and  qualitative,  has  become  a  widely  used 
seismological  technique  to  obtain  shear  wave  velocity  structure  beneath  single,  three- 
component  seismic  stations  [e.g.,  Phinney,  1964;  Burdick  and  Langston,  1977;  Langston, 
1979;  Owens  et  al,  1988].  The  receiver  fimction  technique  has  the  advantage  of 
eliminating  many  of  the  components  of  a  seismogram  that  complicate  interpreting 
teleseismic  body  waves  (Figure  2).  Figure  2  shows  the  idealized  case  for  receiver 
fimction  interpretation.  Inverting  the  PSMoho  phase  in  a  receiver  fimction  has  become  a 
very  common  way  to  interpret  crustal  thickness  as  this  phase  is  generally  observed 
globally.  More  recently  the  non-uniqueness  and  the  relative  lack  of  stability  of  the 
receiver  fimction  inversion  have  also  been  well  documented  [e.g.,  Ammon  et  al.  1990; 
Sheehan  et  al.  1995;  Baker  and  Gurrola,  1996].  In  order  to  address  these  problems,  other 
methods,  including  algorithms  such  as  simulated  aimealing  and  the  genetic  algorithm. 
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primarily  those  in  which  we  have  a  broadband  station.  Broadband  stations  are  shown  as  white  triangles.  (A)  West  Atrican 
Craton,  (B)  Hoggar  hot  spot,  (C)  Atlas  mountain  belt  system  including  the  High,  Middle,  and  Tel  Atlas  Mountains,  (D)  Iberian 
Meseta,  (E)  Anatolian  block,  (F)  Anatolian  Plateau,  Lesser  Caucasus  and  Greater  Caucasus  (shown  in  black),  (G)  Iranian 
Plateau,  (H)  East  African  Rift  System,  and  (I)  Congo  Basin  and  craton. 


5  10  15  20 

Seconds 


Figure  2.  A  schematic  ray  tracing  diagram  for  a  hypothetical  teleseismic  p-wave  incident  on  a  30 
km  thick  crust.  The  light  gray  rays  correspond  to  a  P-wave  leg  while  the  dashed  black  rays  are  S- 
waves.  The  radial  and  vertical  component  synthetics  were  created  with  the  reflectivity  synthetic 
seismogram  algorithm.  Note  that  the  P-multiples  have  divided  out  of  the  radial  receiver  function. 
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have  been  employed  to  improve  the  initial  model  dependence  resulting  jfrom  the  non¬ 
uniqueness  of  the  inversion  {Zhao  and  Frohlich,  1995],  However,  even  with  these 
techniques  there  is  no  guarantee  that  one  will  obtain  the  true  global  minimum  due  to  the 
non-linearity  of  the  receiver  function  inversion. 

Further  studies  have  demonstrated  that  the  receiver  function  inversions  lack  stability;  that 
is,  the  receiver  function  inversion  is  extremely  sensitive  to  small  amounts  of  noise  in  the 
data  [Baker  and  Gurrola,  1996].  Methods  have  been  designed  to  overcome  this  lack  of 
stability  by  avoiding  the  deconvolution  process  and  directly  modeling  the  teleseismic  P- 
wave  coda  [Zhao  and  Frohlich,  1995].  This  technique  has  the  disadvantage  of  not 
completely  accounting  for  source-side  structure.  We  have  used  deconvolution  in  order  to 
be  able  to  stack  our  receiver  functions,  as  is  essential  for  bringing  out  coherent  portions 
of  the  receiver  function  waveform.  In  order  to  accoimt  for  the  large  number  of  local 
minima  we  have  used  a  grid  search  technique  which  guarantees  that  we  will  solve  for  the 
global  minimum.  Furthermore,  in  order  to  estimate  how  robust  this  minimum  is,  we 
utilize  a  jackknife  inversion  scheme  to  estimate  a  confidence  region  for  each  of  the  model 
parameters. 

The  Middle  East  and  Africa  are  excellent  regions  in  which  to  employ  a  grid  search 
technique  to  estimate  crustal  structure  and  thickness  because  there  have  been  only  a  few 
regional-scale  geophysical  observations.  Combining  the  grid  search  with  our  stability 
test  we  were  able  to  make  estimates  of  crustal  structure  along  with  quantitative  estimates 
of  the  resolution  of  our  inversion.  In  the  Middle  East  there  have  a  been  a  number  of 
refraction  studies  that  provide  estimates  of  basement  and  crustal  thicknesses  [e.g., 
Ginzburg  and  Folkman,  1980;  Ginzburg  et  al,  1981;  Yuval  and  Rotstein,  1987;  El-Isa  et 
al,  1989].  We  are  able  to  test  the  grid  search  technique  by  comparing  our  model  and 
error  estimates  with  these  independent  measurements  of  crustal  structure.  However,  in 
North  Africa  the  number  of  regional-scale  geophysical  measurements  is  very  limited.  In 
Egypt  and  Morocco  there  have  been  a  few  measurements  of  crustal  thickness  from 
refraction  experiments  [Makris  et  al,  1982;  Wigger  et  al,  1984]  that  can  be  compared  to 
our  results. 

There  are  numerous  and  diverse  tectonic  regimes  in  the  Middle  East  and  Africa  (Figure 
1);  hence,  it  is  critical  to  our  understanding  of  these  regions  to  have  some  knowledge  of 
crustal  thickness.  In  the  Middle  East,  the  Dead  Sea  fault  system  is  thought  to  be  a 
transtensional  feature  associated  with  regional  crustal  thinning.  Continental  collision  is 
also  taking  place  along  the  Bitlis  suture,  which  has  led  to  the  subsequent  escape  of  the 
Anatolian  block  and  the  uplift  of  the  Iranian- Anatolian  Plateau.  Because  little  is  known 
about  the  crustal  structure  in  this  region,  even  single  station  models  are  important.  In 
Africa  the  tectonic  setting  is  dominated  by  the  African  craton.  However,  there  is  a  large 
intra-continental  zone  of  deformation  in  the  Atlas  system  in  North  Africa.  The  question 
of  whether  or  not  a  crustal  root  exists  in  this  intra-continental  mountain  belt  is  critical  to 
determining  the  compensation  mechanism  for  the  Atlas  system. 
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Data 

We  have  collected  over  600  Megabytes  of  broadband,  three-component  teleseismic 
waveform  data,  for  the  years  1988  through  1995,  produced  by  15  Federation  of  Digital 
Seismic  Networks  (FDSN),  Global  Seismographic  Network  (GSN),  Mediterranean 
Network  (MEDNET),  GEOSCOPE,  and  GEOFON  permanent  broadband  stations  in  the 
Middle  East  and  Africa  (Figures  1  and  4a).  We  have  used  waveforms  from  events 
located  at  distances  between  35  and  85  degrees  in  order  to  avoid  problems  with  regional 
and  core  phases.  We  have  examined  all  available  records  and  eliminated  those  with 
signal-to-noise  ratios  of  less  than  approximately  4  to  1,  where  we  define  noise  as  the 
seismic  energy  preceding  the  direct  P-arrival  after  deconvolution.  We  have  also 
attempted  to  eliminate  the  effects  of  large  scale  lateral  velocity  heterogeneity  by 
calculating  the  radial  direction  using  the  three-component  teleseismic  P  waveform.  We 
have  minimized  the  tangential  component  energy  and  then  rotated  the  horizontal 
components  into  this  corrected  radial  and  tangential  directions.  Although  this  procedure 
will  not  remove  the  effect  of  smaller  scale  crustal  and  upper  mantle  velocity 
heterogeneity,  we  have  found  that  it  does  remove  the  effect  of  teleseismic  ray  bending 
resulting  from  large  scale  mantle  heterogeneity. 

We  have  employed  the  commonly  used  “water  level”  spectral  division  technique  [e.g., 
Langston,  1979;  Ammon  et  al,  1990]  to  calculate  each  of  the  receiver  functions  used  in 
this  study  (Figure  3).  In  order  to  solve  for  receiver  functions  that  are  sensitive  primarily 
to  first-order  features,  we  have  used  a  gaussian  filter  with  an  a  =  1.5.  Station  GNI 
contained  a  large  amount  of  1  Hz  noise,  so  we  used  an  even  longer  period  low-pass 
(gaussian)  filter  (a  =  1.0).  The  gaussian  filter  produced  fairly  coherent  receiver  functions 
that  contained  data  with  frequencies  of  0.5  Hz.  This  filter  limits,  to  a  certain  degree,  the 
resolution  of  the  shape  and  slope  of  the  discontinuities  within  our  velocity  models. 
However,  we  are  primarily  interested  in  the  first-order  depth  to  these  discontinuities,  and 
hence  are  willing  to  lose  resolution  of  crustal  structure  in  order  to  minimize  the  effects  of 
small-scale  “non-one-dimensional”  structures  beneath  the  receivers.  Seismic  data  from 
15  stations  have  been  used  to  calculate  high  quality  receiver  function  waveforms  (Figures 
4b,  4c,  4d).  We  have  chosen  not  to  use  3  of  the  fifteen  stations  (MBO,  TBT,  and  MEB) 
shown  in  Figures  4b,  4c,  and  4d  because  we  were  not  able  to  model  the  waveforms  with  a 
reasonable  1-D  earth  model. 

Our  data  selection  is  not  restricted  to  deep  earthquakes.  P-wave  teleseisms  with 
relatively  simple  vertical  responses,  whether  from  deep  or  shallow  earthquakes,  have 
been  selected.  Simple  P-wave  vertical  waveforms  should  correspond  to  simple  source¬ 
time  functions.  Receiver  functions  from  small  shallow  events,  taken  from  seismograms 
with  simple  first  motions,  showed  strong  coherence  with  receiver  function  waveforms 
from  deep  events.  Receiver  function  stacks,  shown  in  Figure  4,  were  created  for  data 
originating  from  several  available  azimuths  in  order  to  attempt  to  obtain  the  average,  with 
respect  to  azimuth,  shear  wave  velocity  model  (Figure  5).  We  have  also  tested  for  the 
effects  of  lateral  heterogeneity.  We  have  stacked  for  only  one  distance  (±10  degrees)  in 
order  to  avoid  problems  caused  by  move-out  of  the  PS  phases  due  to  differences  in  angles 
of  incidence  (i.e.,  differences  in  the  ray  parameter). 
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station  KEG 

Dist=68.0  Baz=285.5  Depth=10  km 


Figure  3.  A  plot  showing  a  three-component  broadband  teleseismic  P-wave  recording  at  an 
example  station  KEG;  the  earthquake  was  located  in  the  central  portion  the  Atlantic  mid 
oceanic  ridge.  After  doing  the  spectral  division  to  create  radial  and  tangential  receiver 
functions,  the  PSMoho  phase  is  identified  on  both  seismograms  and  radial  receiver  functions. 
Note  that  even  though  this  event  is  at  a  relatively  shallow  hypocentral  depth,  the  vertical 
response  is  fairly  simple. 
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Figure  4.  Map  showing  all  stations  for  which  a  receiver  function  stack  was  computed.  Only 
12  of  these  stations  (white)  were  used  to  invert  for  a  shear  wave  velocity  model.  The  three  that 
were  not  inverted  were  stations  MBO,  MEB,  and  TBT  (black).  All  stacked  radial  and 
tangential  receiver  functions  that  have  been  computed  for  the  Middle  East  and  north,  central, 
and  western  Africa  are  shown  in  figures  4b,  4c,  and  4d.  Station  names  are  shown  on  the  left  of 
the  radial  receiver  function.  The  top  trace,  for  each  station,  corresponds  to  the  radial  receiver 
function  while  the  bottom  trace  is  the  tangential  receiver  function.  Several  of  these  receiver 
functions  were  determined  to  contain  waveforms  that  could  not  be  modeled  with  a  reasonable 
1 -dimensional  model  and  hence  are  not  addressed  in  this  paper.  The  extremely  large 
PSbasement  at  station  MBO  has  made  it  very  difficult  to  model  with  a  one-dimensional 
velocity  model.  Stations  TBT  and  MEB  both  had  very  noisy  and  incoherent  waveforms. 
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Inversion  Method 

In  order  to  invert  the  observed  receiver  function  stacks  for  the  crustal  shear  wave  velocity 
structure  we  apply  a  two-iteration  grid  search  method  combined  with  a  jackknife  error 
estimation  technique  (Figure  6).  A  reflectivity  synthetic  seismogram  algorithm,  initially 
developed  by  Kennett  [1984],  is  used  to  create  our  synthetic  receiver  functions.  To  invert 
the  receiver  function  data  reliably  for  crustal  and  uppermost  mantle  shear  wave  velocity 
structure  we  employ  a  grid  search  scheme  using  a  maximum  of  six  layers  in  our  model. 
It  should  be  noted  here  that  the  half-space  (mantle  shear  wave  velocity)  is  constrained 
only  by  the  amplitude  of  the  direct  P  wave  and  the  amplitude  of  the  PSMoho  phase; 
hence  it  is  much  less  reliable.  We  have  chosen  a  maximum  of  six  layers  since  it  is 
unlikely  that  we  will  be  able  to  uniquely  resolve  a  higher  number  of  layers  because  of  the 
number  of  phases  that  can  usually  be  identified  within  a  receiver  function  waveform.  For 
simple  receiver  functions,  a  one-layer  crustal  model  was  found  to  match  the  observed 
data  reasonably  well  (see  stations  BNG  and  DBIC  in  Figure  4).  Using  an  assumed 
maximum  and  minimum  possible  thickness  and  shear  wave  velocity  for  each  layer,  the 
least  squares  difference  between  the  observed  and  synthetic  receiver  functions  is 
minimized.  We  also  experimented  with  the  absolute  value  of  the  difference  between  the 
observed  and  synthetic  (LI  norm),  but  found  little  difference  in  the  results.  The 
advantage  of  our  grid  search  scheme  is  the  guarantee  that  within  the  limitations  of  our 
grid  spacing,  we  will  solve  only  for  the  global  minimum.  The  grid  spacing  for  the  shear 
wave  velocity  is  0.1  km/s  and  2  km  for  layer  thickness  and  in  some  cases  1  km  for  the 
first  layer  (basement  thickness,  see  Table  1).  This  parameterization  corresponds  to  a 
much  finer  grid  search  of  the  velocity-space  than  of  the  thickness-space.  This  tends  to 
make  velocity  appear  more  sensitive  to  noise  than  to  layer  thickness  (Figure  7).  This  can 
be  demonstrated  with  the  slope  of  the  depth-velocity  trade-off:  for  shallow  discontinuities 
this  slope  is  more  sensitive  to  the  velocity  than  to  the  layer  thickness. 


Table  1.  Begiiming  and  ending  values  and  the  grid  spacing  for  each  model  parameter 
used  in  each  station’s  grid  search  receiver  function  inversion.  Vs  and  D  represents  shear 

velocity  and  layer  thickness,  respectively. 


Layer  # 

AVs 

(km/s) 

AD 

(km) 

Min  Vs 
(km/s) 

Max.  Vs 
(km/s) 

MinD 

(km) 

Max.  D 
(km) 

Station 

1 

ANTO 

0.1 

2 

2.70 

3.50 

7 

13 

2 

0.1 

2 

3.04 

3.84 

14 

22 

3 

0.1 

2 

3.14 

3.84 

4 

10 

4 

0.1 

2 

3.54 

4.24 

1 

5 

5 

0.1 

1 

4.54 

4.64 

5 

5 

Station 

1 

ATD 

0.1 

1 

2.80 

3.70 

1 

6 

2 

0.1 

2 

3.00 

3.60 

2 

8 

58 


3 

0.1 

2 

3.20 

3.90 

2 

8 

4 

0.1 

2 

3.44 

4.34 

2 

8 

5 

0.1 

1 

4.34 

4.64 

5 

5 

Station 

BGIO 

1 

0.1 

2 

2.74 

3.44 

1 

7 

2 

0.1 

2 

3.24 

4.04 

8 

18 

3 

0.1 

2 

3.34 

4.24 

8 

20 

4 

0.1 

2 

4.04 

4.54 

14 

20 

5 

0.1 

2 

4.54 

4.64 

5 

5 

Station 

BNG 

1 

0.1 

1 

2.90 

4.50 

28 

55 

2 

0.1 

2 

4.34 

4.74 

2 

8 

3 

0.1 

2 

4.54 

4.84 

4 

4 

4 

0.1 

2 

4.54 

4.84 

4 

4 

5 

0.1 

1 

4.54 

4.84 

5 

5 

Station 

DBIC 

1 

0.1 

1 

2.50 

4.20 

20 

50 

2 

0.1 

2 

4.54 

4.84 

2 

2 

3 

0.1 

2 

4.54 

4.84 

2 

2 

4 

0.1 

2 

4.54 

4.84 

2 

2 

5 

0.1 

1 

4.54 

4.84 

5 

5 

poisson’s  ratio: 

0.22  to  0.30 

0.01  grid  interval 

Station 

GNI 

1 

0.1 

2 

3.04 

3.94 

26 

46 

2 

0.1 

2 

3.34 

4.24 

6 

12 

3 

0.1 

2 

3.84 

4.44 

2 

10 

4 

0.1 

2 

3.94 

4.54 

12 

20 

5 

0.1 

1 

4.54 

4.74 

5 

5 

6 

0.1 

1 

4.64 

4.74 

5 

5 

Station 

KEG 

1 

0.1 

2 

2.90 

3.30 

2 

8 

2 

0.1 

2 

3.40 

4.05 

4 

12 

3 

0.1 

2 

3.40 

4.15 

10 

22 

4 

0.1 

2 

3.74 

4.44 

6 

14 

5 

0.1 

1 

4.54 

4.74 

5 

5 

Station 

KIV 

1 

0.2 

2 

3.30 

4.14 

6 

14 

2 

0.2 

2 

2.84 

3.74 

4 

10 

3 

0.2 

2 

2.84 

3.84 

4 

12 

4 

0.2 

2 

3.64 

4.44 

16 

30 

5 

0.2 

1 

4.54 

4.74 

5 

5 

Station 

MDT 

1 

0.1 

2 

3.70 

3.90 

2 

8 

2 

0.1 

2 

3.30 

3.90 

4 

8 

3 

0.1 

2 

3.44 

4.34 

10 

16 

59 


4 

0.1 

2 

3.64 

4.44 

6 

22 

5 

0.1 

1 

4.44 

4.74 

4 

4 

6 

Station 

0.1 

PAB 

1 

4.64 

4.74 

4 

4 

1 

0.1 

2 

3.10 

3.80 

4 

12 

2 

0.1 

2 

3.20 

3.90 

4 

10 

3 

0.1 

2 

3.44 

4.34 

4 

10 

4 

0.1 

2 

3.74 

4.54 

4 

10 

5 

Station 

0.1 

TAM 

1 

4.34 

4.84 

5 

5 

1 

0.1 

1 

2.80 

3.30 

1 

5 

2 

0.1 

2 

3.00 

3.90 

8 

18 

3 

0.1 

2 

3.20 

4.10 

8 

20 

4 

0.1 

2 

3.44 

4.44 

4 

14 

5 

Station 

0.1 

TOL 

1 

4.54 

4.74 

5 

5 

1 

0.1 

2 

3.10 

3.80 

4 

12 

2 

0.1 

2 

3.20 

3.90 

4 

10 

3 

0.1 

2 

3.44 

4.34 

4 

10 

4 

0.1 

2 

3.74 

4.54 

4 

10 

5 

0.1 

1 

4.34 

4.84 

5 

5 

In  order  to  further  reduce  the  computation  time  of  the  grid  search  inversion,  we 
decimated  the  stacked  receiver  functions  down  to  5  samples  per  second.  Since  the 
receiver  functions  are  filtered  to  1 .5  Hz  and  below,  this  did  not  cause  any  aliasing 
problems  or  differences  in  bandwidth  between  the  synthetics  and  the  observed  receiver 
functions.  This  decimation,  along  with  several  other  minor  optimizations  to  the  synthetic 
receiver  function  generator,  enabled  the  calculation  of  approximately  150  synthetics  per 
second  on  a  SPARC  Ultra  2  workstation. 

Only  9  to  1 1  model  parameters  are  used  in  the  inversion  (4  to  5  layers  where  the  layer 
thickness,  shear  wave  velocity  and  a  half  space  velocity  are  modeled),  so  the  receiver 
function  inversion's  non-imiqueness  problem  is  reduced.  The  longer  period  receiver 
functions  are  fit  reasonably  well  by  a  5  layer  model.  Bulk  Poisson’s  ratios  for  stations 
DBIC  and  BNG  are  also  included  in  the  grid  search  inversion.  A  grid  search  spacing  of 
0.01  with  a  maximum  and  minimum  of  .030  and  .022,  respectively,  was  used.  The 
sensitivity  of  receiver  functions  to  Poisson’s  ratio  has  been  well  established  [e.g.,  Zandt 
and  Ammon,  1995].  We  have  found  an  optimal  bulk  Poisson’s  ratio  of  0.25  for  these  two 
stations. 

The  grid  search  scheme  allows  us  to  map  the  RMS  error  surface  (Figure  7).  This  allows 
us  to  examine,  qualitatively,  the  error  surface  for  multiple  or  local  minima  (i.e.,  to  test  for 
non-uniqueness).  Figure  7  is  a  portion  of  the  9-dimensional  error  surface  for  station  KEG 
in  which  we  do  not  see  evidence  of  large  local  minima  that  are  located  far  from  the  global 
minima.  The  progressive  broadening  of  the  minima  with  increasing  layer  depth  is  an 
indication  that  errors  are  propagating  from  the  upper  layers  to  the  lower  one.  However, 
this  is  only  a  portion  of  the  error  surface  from  the  grid  search  inversion.  The  difficulty  in 
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/  Grid  Search  Inversion 
((for  5  layers  and  half  space 
velocity) 


^ Dalculate  Variance  for 
(  each  model  parameter 


Figure  6.  Flowchart  showing  the  generalized  procedure  used  in  inverting  and  estimating  the 
errors  associated  with  each  of  the  optimal  shear  wave  velocity  models.  This  approach  is  a 
systematic  and  generalized  method  to  infer  first-order  crustal  structure  fi-om  teleseismic  P-wave 
coda. 
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station  KEG 


Figure  7.  Plots  showing  an  example  of  RMS  error  surfaces  for  the  stacked  receiver  function 
from  station  KEG.  The  layer  error  surfaces  were  obtained  by  holding  the  other  eight  model 
parameters  constant,  at  the  final  model,  while  the  layer  shear  wave  velocity  and  thickness 
were  allowed  to  vary.  Note  that  in  layer  one  the  minimum's  slope  is  biased  toward  the 
velocity  axis;  this  is  a  result  of  a  finer  grid  spacing  for  the  velocity  than  the  thickness  model 
parameter. 


using  the  error  surface  in  determining  a  confidence  region  is  the  need  to  quantitatively 
estimate  the  correlated  noise  contained  within  the  receiver  function  time  series.  This 
becomes  a  rather  difficult  problem  because  neither  the  tangential  receiver  function  nor 
the  noise  preceding  the  deconvolved  radial  and  vertical  seismograms  provide  a 
reasonable  estimate  of  the  correlated  noise  time  series.  Therefore,  we  have  avoided  using 
the  error  surface  to  estimate  our  confidence  limits. 

We  have  found  that  comparisons  between  the  grid  search  technique  and  the  linearized 
least  squares  (LLS)  method  yield  significantly  different  results  if  one  does  not  consider 
the  non  uniqueness  of  the  LLS  technique.  For  those  receiver  functions  that  are  relatively 
simple  in  nature  (i.e.,  only  a  PSMoho  phase),  the  results  are  similar  given  a  starting 
model  that  is  close  to  the  final  solution.  We  have  employed  the  Ammon  et  al.  [1990] 
method  of  using  multiple  starting  models  in  order  to  make  our  comparison.  We  foimd 
significant  differences  for  many  of  the  resulting  models  obtained  for  stations  KEG  and 
BGIO  (Figure  8).  The  mean  of  the  LLS  models  for  station  KEG  agreed  with  our  grid 
search  results;  however,  the  results  from  the  LLS  inversions  for  station  BGIO  tended  to 
be  biased  toward  a  thicker  crust  than  that  of  our  grid  search  results.  It  should  be  noted 
that  many  of  the  LLS  solutions  did  agree  with  our  grid  search  model;  however,  five  of  the 
models  yielded  crustal  thicknesses  of  more  than  35  km.  We  have  also  found  that  the 
smoothing  constraint  often  used  with  the  LLS  inversions  can  potentially  cause 
significantly  different  velocity  models,  as  seen  in  the  final  models  for  station  BGIO.  We 
did  try  a  number  of  different  smoothing  parameters  and  LLS  model  perturbations  in 
order  to  test  when  the  LLS  method  diverged  from  the  grid  search  solution.  We  have 
found  significant  differences  between  the  grid  search  solution  and  the  LLS  solution  for 
all  solutions  which  did  not  have  initial  models  near  the  solution.  Inversion  teehniques, 
such  as  simulated  annealing  and  genetic  algorithms,  should  improve  this  performance. 

Resolution  and  Error  Analysis 

After  obtaining  the  results  from  our  grid  search  we  qualitatively  analyzed,  for  each 
station’s  best  model,  each  layer  as  to  whether  or  not  the  layer  contributed  a  significant 
amount  of  energy  to  the  synthetic  (Figure  4).  We  have  performed  this  exercise  for  all  12 
stations.  Stations  BNG  and  DBIC  were  initially  modeled  using  a  4  layer  crust,  but  we 
found  that  the  grid  search  procedure  effectively  chose  a  one-layer  crust;  therefore  we 
could  effectively  model  the  crust  with  only  two  parameters  (i.e.,  shear  velocity  and 
thickness).  Only  the  data  recorded  by  station  BGIO  fit  the  data  significantly  better  by 
including  more  than  four  layers  in  the  grid  search.  Owing  to  computational  limitations 
with  our  jackknife  error  technique,  we  used  the  best  fit  for  four  layers  beneath  BGIO 
(Figure  9).  The  limitation  of  the  number  of  model  parameters  in  the  waveform  inversion 
has  allowed  us  also  to  employ  either  a  bootstrap  or  a  jackknife  resampling  error 
estimation  scheme,  and  we  will  see  later  in  the  paper  that  the  resolution  at  this  station  is 
such  that  it  is  unlikely  that  we  can  resolve  a  multi-layer  velocity  model. 

When  estimating  errors  of  our  inversion  results,  we  normally  require  an  estimate  of  the 
noise  contained  within  the  receiver  function  stacks.  Estimating  an  accurate  and  robust 
“noise  time-series”  from  the  receiver  function  data  is  usually  not  possible  [Paulssen  and 
Visser,  1993].  The  difficulty  in  estimating  the  true  noise  contained  within  the  stacked 
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Depth  (km)  Depth  (km) 


Station  KEG  Plpg^l  Grid  Search 


Shear-Wave  Velocity  (km/s) 


Station  BGIO  Final  Grid  Search 


Shear-Wave  Velocity  (km/s) 


Figure  8.  A  comparison  of  the  linearized  least  squares  (LLS)  and  grid  search  inversions 
for  two  stations,  KEG  and  BGIO,  in  the  Middle  East  (see  Figure  4).  We  have  used  a 
smoothing  parameter  of  0.1  and  a  damping  parameter  of  0.01  for  the  LLS  inversion.  We 
have  also  used  the  Ammon  et  al.  [1990]  method  of  using  an  initial  velocity  model  suite  in 
order  to  measure  the  non-uniqueness  of  the  inversion.  The  LLS  inversion  also  utilized  25 
layers  with  fixed  layer  thicknesses  of  2  km.  Our  grid  search  inversion  used  a  5  layer  over 
half  space  model.  Note  that  the  differences  between  station  KEG's  grid  search  and  LLS 
final  model(s)  can  be  attributed  to  the  smoothing  constraint  used.  Station  BGIO's  grid 
search  final  model  is  considerably  different  from  many  of  the  final  models  obtained  from 
the  LLS  technique. 


65 


o 


(un[)  qdjaa 


Crt 

■o 


a> 

c>o 


u 


•4-4 

2 

o  ° 

O 

TO  T3 
'T'  Q 
U-)  «3 
>  •* 

“  ^ 

2  O- 
fi  w 

«  ia 
a, 

^  i> 

U  M 

na  c 

O  ea 

-  s  s 


.a  ^ 


CO  ra 

^  "O 

p2  “ 

o 

I, 

I « 

5^  ^3 

C3 

O  «2 
WD 

§  ^ 
'S  aj 
iri  ^ 
P  C 


rSi 

U 

x; 

H 


W) 

_c 

'co 

3 

i 

(U 

CO 

'C 
W) 
a 

s 

c2 

ns 
a> 

=  c 
5  -cS 
o 

CO 


ca  ^  -o 

<-1  4> 

^  i  .s 

°  B 

irt  R 


o 

PQ 

c 

o 

*4— • 

ca 

■4-4 

CO 

U4 

4° 

<41 

CO 

S 

o 


ca  ca 
x: 


J3 

O 

ii 

ca 

u 


X) 

o 
13 

T3 
O 

6 

•r  >' 

W  w 

bO  ■« 

S  .2 
^  U 


CO  O  S 

g  <a  s 

O  T3  O 

W4  U  § 

Si  C 
"T  X> 

'a-  o 

'S'  -22 

I  •§ 

CO  O 

S  S  “ 

I  ^12 

.a 

X5  S  « 

g  ,2  'S 

^  "a 

u  ?>•  o 
w  j>  X 
"O  J3  O 


D 

° 

"S  s 

^  (5 

D  ^ 
JO  ^ 

O  ^ 
<L>  3 
^  <2 

2  f 

(D  C 
x:  « 

^  :S 

o  S 

I  o 

•2  s 

>^  qj 

It 

,C  ^ 
« 
ca 

I— I  ,o 

O 

CQ  “ 

c  c 

-5  4° 


ca  ts 


bO 


ca  g 
S  ca 


«n 

a3 

c 

ca 


u 

x: 

CO 

ca 

o 


CO  H- 
-  ^  2 

5  o  o 

^  CO  4^ 
CO 

o 

e 

6  cx  u 

*-1  41  aX 

1>  X3 
-o  bC  0) 
2  -C  {a 

.S  o 
f5  w 
ca  O 

^  X  CQ 


ca  5> 
CO  h 

-:  ^ 
13  -d 
-o  u 

2  & 

«  o 

'T  ~ 

e 


ca 

T3 
qj 
> 
b4 

u 

CO 

X> 
O 

_  « 

u  x: 


CO 

C 

o 


s 

a 

a 

u 


c 

<u 

qj 

q3 


*>3 

O 

s 

o 

•  •-H 

s 

(U 

u< 

o 

4>X 

ca 

ii 

<s 

ii 

> 

CO 

B 

p 

3 

PQ 

2 

q3 

XI 

*s 

*  ^ 
4h 

u 

41 

u 

CO 

4-3 

*43 

2 

-o 

o 

bfi 

.S 

C 

a 

0 

<u 

o 

03 

> 

03 

•o 

'E 

C3 

c3 

0 

.£? 

4-* 

CO 

6 

*co 

>o 

o 


cvj 

o' 


o 

o' 


receiver  functions  has  led  us  to  avoid  estimating  confidence  regions  from  either  (1) 
constructing  confidence  regions  from  the  error  surface,  or  (2)  bootstrap  error  estimation 
via  an  estimated  noise  time  series  or  randomized  residuals,  because  the  definition  of  a 
correlated  residual  time  series  is  not  obvious. 

A  jackknife  data  resampling  technique  has  the  advantage  of  not  requiring  the  estimation 
of  a  noise  vector  or  time  series,  and  these  techniques  have  been  proven  to  yield  unbiased 
and  robust  error  estimates  for  both  linear  and  non-linear  inversions  {Efron,  1982;  Wu, 
1986;  Tichelaar  and  Ruff,  1989]  .  Therefore,  we  have  chosen  this  resampling  method  to 
estimate  the  stability  and  errors  of  our  shear  wave  velocity  model  inversions.  An 
example  of  this  method  applied  to  the  receiver  function  inversion  for  station  KEG  is 
shown  in  Figure  10.  The  drawback  of  this  technique  is  that  it  will  not  account  for 
systematic  errors  in  the  data.  Recently,  Gurrola  and  Baker  [1996]  have  suggested  that 
such  systematic  errors  exist  within  receiver  function  waveforms.  This  would  then  lead  to 
systematic  offsets  in  the  estimated  velocity  models  that  would  not  be  accounted  for  in 
either  a  bootstrap  or  jackknife  resampling  method.  We  have  been  able  to  test  for  effects 
of  such  systematic  errors  for  stations  where  Moho  depths  have  been  measured  using  other 
geophysical  techniques. 

Wu  [1986]  derived  an  expression  for  the  formal  error  utilizing  a  jackknife  resampling 
scheme.  We  can  write,  after  Wu  [1986],  the  expression  for  the  formal  error: 


O’  jackknife 


k- p  +  \ 
n  —  k 


i 


where  k  is  the  total  number  of  degrees  of  freedom  (DOF)  contained  within  the  jackknife 
waveform  stack,  p  is  the  number  of  model  parameters  (2  times  the  number  of  layers  plus 
one),  n  is  the  total  DOF  summed  over  each  of  the  receiver  functions  contained  within  the 
stack,  coj  is  the  estimated  model  parameter  for  each  jackknife  resampled  waveform  data 

set  and  xn  is  the  mean  of  the  given  model  parameter  (thickness  or  shear-velocity  for  a 
given  layer).  We  have  estimated  the  DOF  contained  within  each  receiver  function  using 
the  method  of  Silver  and  Chan  [1991]  and  Jenkins  and  Watts  [1968]: 


where 


DOF  «  2( 
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(3) 


N-1 

~  Z  |u^(j)l  +  l/2(  IuqP  +  |unP) 

j=l 


N-1 

E4  ~  X  +  l/3(  luol"^  +  |unI^)  (4) 

j-1 

where  u(j)  is  the  band  limited  digital  time  series  (i.e.,  the  receiver  function  waveform). 
This  approximation  works  well  for  this  case  since  equation  (1)  is  not  very  sensitive  to  the 
number  of  DOF  because  we  are  taking  the  ratio  of  the  deleted  DOF. 

This  technique  gives  an  estimate  of  the  receiver  function  stability,  as  long  as  there  is  a 
sufficient  number  of  receiver  functions  that  can  create  a  “large”  (>  50)  number  of 
resampled  stacks.  Note  that  equation  (1)  reduces  to  the  calculation  of  the  standard 
variance  for  the  case  where  we  delete  all  but  one  of  our  data  vectors  from  our  stacks.  In 
order  to  test  the  robustness  of  this  error  estimator  we  tried  a  number  of  different  re¬ 
sampling  schemes  (i.e.,  delete- 1,  delete-2,  delete  n-1,  etc.)  and  compared  the  resulting 
error  estimates.  We  found  that  for  stations  ANTO  and  KEG  the  variance  of  our 
estimators  was  about  20%.  However,  we  found  that  if  k  is  nearly  as  large  as  n  and 
thereby  causing  the  normalizing  term  to  be  very  large,  the  error  estimator  is  biased 
upward. 


Results  and  Interpretations 

In  general,  stations  with  relatively  simple  waveforms  (i.e.,  simple  PSjvioho  3nd  its 
corresponding  multiples)  yield  the  best  constrained  results.  However,  complicated 
waveforms  can  also  produce  well  resolved  models  if  tighter  constraints  can  be  placed  on 
the  shallow  structure.  We  used  results  from  the  jackknife  error  estimation  to  confirm  this 
idea.  We  believe  that  this  new  grid  search  scheme  provides  a  good  mechanism  in  which 
to  incorporate  constraints  from  other  independent  geophysical/geologic  measurements. 

Crustal  thickness  in  North  and  Central  Africa  is  found  to  be  generally  on  the  order  of  36 
to  43  km  (Figure  11),  except  for  station  ATD  which  is  located  on  either  exposed  oceanic 
crust  or  very  thin  continental  crust  [Mohr,  1989]  (Figure  11).  We  have  found  a  Moho 
depth  of  8.0  ±1.5  km  for  station  ATD.  Our  crustal  shear-wave  velocity  model  is  in 
agreement  with  the  prior  geophysical  studies  that  have  found  that  this  region  blocks  Lg 
waves  [Searle,  1975]  as  well  as  having  relatively  low  Pn  velocities  [Makris  and 
Ginzburg,  1987].  Each  of  these  observations  is  consistent  with  a  thin  and  relatively  slow 
crust  and  uppermost  mantle. 

In  the  stable  African  craton  there  are  three  stations  at  which  we  have  been  able  to 
estimate  crustal  structure.  Station  TAM,  near  the  Hoggar  hot  spot,  yields  the  most  stable 
inversion  results  where  90  jackknife  receiver  function  inversions  all  resulted  in  crustal 
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thickness  of  38  km  (Figures  12  and  13).  This  indicates  that,  ignoring  systematic  errors, 
the  variance  of  our  estimate  of  crustal  thickness  is  less  than  half  of  the  thickness  grid 
search  spacing  (1  to  2  km).  Similar  crustal  velocities  and  thicknesses  were  foimd  for 
station  DBIC;  however,  we  have  considerably  less  data  to  constrain  this  model. 
Consequently,  our  jackknife  error  estimates  are  not  as  reliable  since  we  were  not  able  to 
create  more  than  15  jackknife  receiver  function  stacks.  We  did  find  little  variance 
between  these  15  jackknife  models.  It  is  not  surprising  that  the  most  reliable  data  were 
discovered  for  broadband  stations  in  the  African  craton.  This  is  a  region  where  the  1- 
dimensional  earth  approximation  is  most  valid.  Data  from  three  coastal  stations  in  North 
and  Central  Africa  (i.e.,  MBO,  TBT,  and  MEB)  contain  evidence  of  very  strong  lateral 
heterogeneity  and  teleseismic  P-wave  multi-pathing  as  well  as  a  large  amount  of  noise  in 
the  computed  receiver  functions.  At  all  three  of  these  stations  it  was  impossible  to  model 
the  observed  receiver  function  waveforms  with  a  suitable  one-dimensional  shear-velocity 
model  and  hence  we  have  not  reported  inversion  results  for  these  stations.  In  the  case  of 
TBT  and  MEB,  the  signal-to-noise  ratio  was  very  poor;  however,  at  station  MBO  we  had 
several  high  quality  receiver  function  waveforms.  It  is  possible  that  focusing  of  a  PS 
phase  at  the  sediment-basement  contact,  caused  by  2-  or  3 -dimensional  velocity  structure, 
is  causing  the  large  amplitude  PS  phases  that  we  observe  at  this  station. 

In  Egypt,  at  station  KEG,  we  have  foimd  a  crustal  thickness  of  33  km.  Makris  et  al. 
[1982]  found  crustal  thicknesses  on  the  order  of  30  km  (30  to  32  km)  in  northern  Egypt, 
from  refraction  data,  which  are  consistent  with  our  analysis  at  station  KEG.  At  station 
BGIO  our  estimates  seem  thicker  (33  km)  than  many  of  those  from  seismic  refraction 
work.  Yuval  and  Rotstein,  [1987]  give  crustal  thicknesses  of  31  km  near  BGIO  and 
Ginzburg  et  al.  [1982]  estimated  29  to  30  km  thick  near  BGIO.  We  may  be  seeing 
crustal  thicknesses  farther  to  the  east,  since  all  of  the  waveforms  we  have  used  are 
arriving  from  the  east-northeast,  where  the  crust  appears  to  thicken  [Ginzburg  and 
Folkman,  1980].  Basement  depths  from  stations  BGIO  and  KEG  are  also  surprisingly 
consistent  with  prior  geophysical/geologic  observations  [Makris,  1982],  Jackknife  error 
analyses  indicated  that  these  two  sediment  thicknesses  are  robust  measurements.  The 
error  estimates  for  the  sediment  thicknesses  are  actually  smaller  than  those  for  the  depth 
to  Moho  errors.  This  is  a  good  indication  that  the  errors  are  propagating  from  the  shallow 
layers  to  the  deeper  layers. 

For  other  stations  in  North  Africa  we  have  found  that  the  crust  is  usually  on  the  order  of 
40  km  thick.  Only  near  the  Moroccan  Atlas  Mountains,  at  station  MDT,  do  we  find  a 
crustal  thickness  less  than  40  km.  In  North  Africa  we  have  obtained  a  crustal  thickness 
of  36  km  on  the  eastern  edge  of  the  Middle  Atlas  Mountains,  the  Missour  Basin.  This 
result  is  consistent  with  refraction  experiments  across  the  Middle  Atlas  [Wigger  et  al, 
1992]  that  also  estimated  a  crustal  of  thickness  of  36  to  37  km  beneath  MDT. 

In  Spain,  there  are  two  broadband  stations  within  50  km  of  one  another  (stations  TOL  and 
PAB)  which  are  both  located  within  the  Iberian  Meseta.  Inversion  results  from  station 
PAB  are  fairly  stable  while  results  from  TOL  are  very  unstable  (see  Figures  12  and  13). 
The  PAB  and  TOL  optimal  shear  wave  velocity  models  are  relatively  consistent  in  Moho 
depth  (see  Table  2).  Most  other  features  in  each  of  the  two  stations’  velocity  models  are 
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not  consistent  with  one  another;  however,  oiir  error  estimates  indicate  that  these  features 
cannot  be  reliably  interpreted.  Our  poor  waveform  fits  for  station  TOL  also  demonstrate 
that,  within  our  grid  search  upper  and  lower  bounds,  there  is  no  one-dimensional  velocity 
model  which  fits  the  observed  receiver  function  waveforms  (Figure  14).  Our  waveform 
fits  for  station  PAB  (Figure  14)  are  far  superior  to  those  for  TOL,  which  is  also  consistent 
with  our  jackknife  error  estimates  (Figure  1 1).  These  error  estimates,  along  with  the 
waveform  fits,  demonstrate  that  the  PAB  velocity  model  is  more  reliable  than  the  model 
for  station  TOL. 

Table  2.  Our  best  measurements  of  crustal  thickness  using  our  stacked  receiver 
functions.  The  error  has  been  calculated  from  the  variance  of  the  jackknife  model 
parameters.  The  number  of  jackknife  resampled  data  sets  that  are  used  are  also  given. 
Those  stations  with  fewer  than  50  jackknife  iterations  are  statistically  undersampled, 
therefore  these  error  estimates  are  not  as  reliable. 


Name 

Latitude 

(degrees) 

Longitude 

(degrees) 

Crustal  Thickness 
(km) 

Jacknife 

Iterations 

ATD 

11.53 

42.85 

8.0  ±  1.5 

165 

ANTO 

39.86 

32.79 

37.0  ±  1.3 

90 

BGIO 

31.72 

35.09 

33.0  ±3.3 

10 

BNG 

4.44 

18.55 

43.0  ±2.1 

90 

DBIC 

6.68 

-4.86 

40.0  ±2.3 

6 

GNI 

40.05 

44.72 

64.0  ±  4.8 

15 

KEG 

29.93 

31.83 

33.0  ±4.1 

84 

KIV 

43.96 

42.69 

43.0  ±5.0 

90 

MDT 

32.82 

-4.61 

36.0  ±  1.3 

6 

PAB 

39.55 

-4.35 

34.0  ±  2.7 

20 

TAM 

22.79 

5.53 

38.0  ±0.0(<  1.0  km) 

91 

TOL 

39.88 

-4.05 

34.0  ±4.1 

10 

We  have  also  found  evidence  of  a  pronoimced  mid-crustal  low  velocity  zone  in  the 
Greater  Caucasus,  beneath  station  KIV  (Figure  11).  Although  low  velocity  zones  imaged 
using  receiver  functions  must  be  viewed  with  a  great  deal  of  suspicion  because  of  the 
potential  for  distortion  of  the  waveform  from  the  deconvolution,  this  observation  appears 
to  be  very  robust.  First,  we  observe  a  very  large  amplitude,  negative  polarity  PS  phase, 
arriving  1 .2  seconds  after  the  P-wave.  There  is  very  little  azimuthal  variance  of  the  large 
negative  PS  phase,  indicating  that  this  low-velocity  zone  is  not  a  small  isolated  pocket  of 
slow  material.  Also,  our  jackknife  error  estimates  indicate  that  this  is  a  robust  feature 
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Figure  10.  A  set  of  histograms  corresponding  to  8  model  parameters  used  in  the  KEG 
station  grid  search  inversion.  We  obtained  these  histograms  by  inverting  121 
jackknife  receiver  function  stacks.  We  used  a  delete-3  jackknife  resampling  scheme  to 
produce  these  receiver  function  stacks.  The  large  variance  in  the  data  indicates  either 
a  strong  azimuthal  variation  in  the  data  or  a  relatively  unstable  inversion  result  (i.e., 
large  variance  in  the  data).  We  examined  the  data  for  evidence  of  azimuthal  effects 
and  found  little  evidence  in  our  data. 
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Figure  lib 
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Figure  12.  Jackknife  histograms  of  the  crustal  thicknesses  for  all  12  stations  analyzed 
in  this  study.  We  have  determined  the  number  of  layers  needed  to  fit  the  waveforms  and 
then  looked  at  the  stability  of  the  depth  to  the  base  of  the  lowest  crustal  layer  using 
jackknife  resampling  to  obtain  each  histogram  shown.  The  two  numbers  to  the  right  of 
the  station  name  are  the  number  of  receiver  functions  deleted  to  create  each  jackknife 
stack  and  the  total  number  of  receiver  functions  added  into  the  stack,  respectively.  Note 
the  large  variance  in  the  total  number  of  jackknifed  data  sets  used.  This  is  a  function  of 
the  number  of  individual  receiver  function  waveforms  that  were  available  to  resample 
from. 
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(Figures  12  and  13).  This  is  the  only  low  velocity  zone  we  have  imaged,  within  our  error 
estimates,  out  of  the  12  stations  we  analyzed. 

We  observed  two  large,  azimuthally  coherent  PS  phases  at  station  GNI  (Figure  4b).  The 
first  phase  corresponds  to  a  discontinuity  at  approximately  40  km  while  the  later  phase 
corresponds  to  a  60  km  discontinuity.  Data  at  station  GNI  were  observed  to  be  of 
relatively  low  quality  and  contain  a  large  amount  of  noise  within  the  stacked  receiver 
function.  The  jackknife  error  estimates  also  indicated  a  relatively  unstable  solution 
(Figures  1 1  and  14);  therefore  which  shear  wave  velocity  discontinuity  corresponded  to 
the  Moho  was  not  clear.  Given  the  high  topography,  one  might  expect  to  observe  a 
crustal  root  in  this  region,  so  we  have  interpreted  the  second  boundary  to  be  the  Moho 
discontinuity.  Receiver  functions  also  contained  a  large  amount  of  coherent  and 
azimuthally  dependent  energy  that  appears  on  the  tangential  receiver  functions.  This  may 
be  an  indication  of  a  dipping  Moho.  It  is  also  possible  that  crustal  polarization  anisotropy 
could  be  causing  the  PSMoho  phases  to  change  polarization  direction,  thereby  leading  to 
the  observed  SH  energy. 

Within  the  center  of  the  Anatolian  block,  analysis  of  receiver  functions  recorded  at 
station  ANTO  yielded  a  relatively  simple  velocity  model  with  a  crustal  thickness  of  37 
km.  There  have  been  very  few  reliable  estimates  of  crustal  thickness  in  this  region; 
however,  a  crustal  thickness  of  37  km  in  this  region  is  not  unreasonable  given  that  this 
region  has  a  fairly  stable  continental  crust. 

Conclusions 

Our  study  shows  that  the  grid  search  waveform  inversion  provides  a  robust  and  efficient 
method  for  determining  depth  to  first-order  crustal  discontinuities.  Using  this  method, 
we  have  inverted  for  optimal  and  most  simple  shear-wave  velocity  models  as  well  as 
corresponding  error  estimates  in  the  Middle  East  and  Africa  (Figure  15)  where  no  prior 
results  exist.  The  method  presented  here  has  several  advantages  over  prior  receiver 
function  techniques:  (1)  The  grid  search  inversion  has  no  dependence  on  an  initial 
model,  (2)  the  grid  search  inversion  guarantees  that  we  will  solve  for  the  global  minimum 
within  the  chosen  parameters  limits,  (3)  the  jackknife  error  estimation  gives  a  measure  of 
the  stability  of  the  inversion  and  finally,  (4)  these  methods  allow  for  constraints  from 
other  independent  studies  (e.g.,  on  shear  wave  velocity  or  depth  to  a  discontinuity)  to 
further  add  to  the  robustness  of  our  results.  The  crustal  thickness  measurements  we  have 
made  using  these  methods  provide  important  constraints  for  future  studies  of  the 
geodynamic  and  tectonic  processes  taking  place  in  the  Middle  East  and  Africa. 

In  western  and  central  Africa  we  have  found  that  the  crust  is  consistently  about  40  km 
thick.  We  have  found  slightly  thicker  crust  at  station  BNG,  in  central  Africa.  We  have 
also  determined  that  the  crust  appears  fairly  thick  (~40  km)  very  close  to  the  African 
coast  at  station  DBIC.  Station  ATD,  located  in  the  Afar  region  of  eastern  Africa,  is  the 
exception  to  these  observations.  Velocity  models  for  this  station  indicate  that  Djibouti  is 
situated  on  either  oceanic  or  very  stretched  continental  crust.  This  is  consistent  with 
previous  tectonic  and  geologic  observations  in  the  Afar  [e.g.,  Mohr,  1989], 
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In  the  northern  portion  of  the  Middle  East,  our  velocity  models  vary  widely  from  very 
thick  crust  to  approximately  the  global  average  crustal  thickness.  In  the  Lesser  Caucasus 
beneath  station  GNI,  we  have  found  somewhat  ambiguous  evidence  for  a  large  crustal 
root,  although  this  model  has  a  very  large  uncertainty  (±  4.5  km)  associated  with  the 
depth  to  Moho.  This  is  an  indication  that  the  Lesser  Caucasus  are  isostatically  supported. 
In  the  Greater  Caucasus,  near  station  KIV,  there  is  a  relatively  young  volcano,  which 
erupted  around  2.8  Ma  [Gizas  et  al.,  1991],  and  associated  calc-alkaline  lava  [Zonenshain 
et  al,  1990].  This  may  imply  the  existence  of  a  partially  molten  or  highly-heated  mid- 
crustal  pluton  related  to  recent  subduction  in  the  Greater  Caucasus.  The  existence  of  a 
high  heat  flow  anomaly  in  the  Greater  Caucasus  [Cermak  and  Rybach,  1987]  and  the 
very  large  velocity  contrast  at  this  boundary  (Figure  11a)  are  consistent  with  the 
existence  of  a  magma  chamber.  Alternatively,  a  large  nappe  root  is  thought  to  underlie 
the  Greater  Caucasus;  the  top  of  this  root,  at  the  contact  of  the  pre-Jurassic  basement  and 
the  Jurassic  slates  and  shales  would  produce  a  negative  impedance  contrast.  Studies  of 
the  structural  geology  in  the  Greater  Caucasus  have  indicated  that  the  nappe  root  may 
extend  to  15  km,  the  depth  of  the  discontinuity  that  we  have  imaged  [Dotduyev,  1986]. 
Furthermore,  independent  observations  of  this  nappe  structure  have  been  observed  in  the 
Greater  Caucasus  by  both  geologic  and  geophysical  studies  [Tagiyev,  1985;  Sholpo, 
1993]. 

Near  the  Dead  Sea  fault,  at  station  BGIO,  we  have  not  found  convincing  evidence  of  any 
crustal  thinning.  However,  we  do  observe  a  fairly  large  variance  (±4  km)  for  this 
receiver  function  inversion  model.  The  BGIO  and  KEG  shear-velocity  models  are 
consistent  with  the  refraction  models  in  the  region  [Ginzburg  et  al,  1981;  Makris  et  al, 
1982;  Yuval  and  Rotstein,  1987].  It  is  surprising  that  even  our  inversion  results  that  are 
not  very  stable  (i.e.,  models  for  stations  BGIO  and  KEG)  agree  well  with  other 
independent  estimates  of  crustal  structure.  All  prior  estimates  of  crustal  thickness  in  this 
region  fall  well  within  our  jackknife  error  estimates,  implying  that  systematic  noise  does 
not  have  a  large  effect  in  these  stations’  inversion  results.  This  is  a  good  indication  that 
basement  depths  can  in  many  cases  be  resolved  from  receiver  function  inversions.  There 
is  a  trade-off  in  resolution  between  the  measurement  of  basement  thickness  and 
measurement  of  crustal  thickness.  Receiver  function  with  large  PSbasement  phases  tend 
to  have  distorted  and  less  coherent  PSMoho  phases.  We  have  also  found,  using  our 
jackknife  error  analysis,  a  tendency  of  the  errors  in  depth-to-basement  to  propagate  to  the 
depth  to  Moho  measurements. 

Our  crustal  structure  measurements  in  the  Middle  Atlas,  at  station  MDT,  are  important 
confirmation  of  prior  work  which  has  indicated  that  there  is  not  a  significant  crustal  root 
beneath  the  Middle  or  High  Atlas  mountains.  Station  MDT  is  only  in  the  vicinity  of 
these  two  movmtain  ranges,  but  Wigger  et  al.  [1992]  profiles  cross  these  two  mountain 
ranges  as  well  as  coming  to  within  1 0  km  of  station  MDT.  The  receiver  function  model 
agrees  very  well  with  Wigger  et  al.  velocity  models  beneath  the  Missour  basin,  on  the 
flanks  of  the  Middle  and  High  Atlas.  Therefore,  this  is  circumstantial  evidence  that 
Wigger’ s  et  al.  image  of  a  flat  Moho  beneath  the  Middle  Atlas  is  correct.  Beneath  station 
TAM,  located  near  the  Hoggar  hot  spot,  we  have  observed  very  well  constrained  crustal 
thicknesses  that  are  not  significantly  thinner  than  the  crustal  thickness  measurements  we 
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Figure  13.  Jackknife  shear  velocity  models  for  all  12  stations  used  in  this  study.  These 
velocity  models  correspond  to  models  obtained  from  the  resampled  receiver  function 
stacks  (shown  as  dashed  gray  lines).  The  solid  line  indicates  the  mean  model.  The  two 
numbers  to  the  right  of  the  station  name  are  the  number  of  receiver  functions  deleted  to 
create  each  jackknife  stack  and  the  total  number  of  receiver  functions  added  into  the 
stack,  respectively.  The  variance  of  the  jackknife  shear  wave  velocity  models  indicate 
how  stable  each  receiver  function  inversion  is. 
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Figure  14.  The  resulting  waveform  fits  from  the  12  receiver  function  inversions  we  have 
performed.  The  dark-dashed  lines  are  the  synthetics  while  the  light-solid  lines  are  the 
observed  stacked  receiver  function  waveforms.  We  are  able  to  obtain  relatively  good  fits 
between  the  observed  and  synthetic  receiver  functions  when  using  models  with  four  or  fewer 
layers  in  the  grid  search  inversions. 
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Figure  15.  A  map  showing  the  grid  search  and  prior,  if  available,  estimates  of  crustal  thickness,  and 
jackknife  error  estimates  in  the  Middle  East  and  Africa.  In  all  cases  that  we  have  examined,  the  grid 
search  inversion  crustal  thicknesses  agree,  within  the  jackknife  error  estimates,  with  previous  studies' 
estimates. 


have  made  in  the  other  regions  of  the  African  craton  (stations  BNG  and  DBIC).  This  is 
an  indication  that  the  mantle  plume  beneath  TAM  has  not  significantly  altered  the  crustal 
structure.  Stations  BNG,  DBIC,  and  TAM  are  separated  by  approximately  500  km,  yet 
receiver  fimction  velocity  models  for  these  are  all  consistent  with  one  another.  Each  of 
these  stations  has  a  fairly  simple  crust,  with  no  evidence  of  major  velocity  discontinuities 
within  the  crust.  These  models  also  all  have  approximately  40  km  thick  crust.  This  may 
be  an  indication  that  the  African  craton  is  fairly  uniform  in  crustal  thickness  and 
structure.  However,  since  the  data  in  the  African  craton  is  highly  spatially  aliased  (3 
stations)  we  cannot  make  any  firm  conclusions  concerning  cmstal  structure  throughout 
this  region. 

The  grid  search  inversion  scheme  presented  in  this  paper  is  a  general  and  systematic 
method  for  determining  first-order  crustal  seismic  velocity  features  from  receiver 
function  waveforms.  Furthermore,  the  jackknife  error  estimation  is  a  new  method  that, 
when  combined  with  the  grid  search  inversion  scheme,  will  yield  relatively  unbiased 
estimation  of  waveform  inversion  stability.  Owing  to  noise  sensitivity  of  most  waveform 
inversions,  stability  estimation  is  essential  in  determining  the  reliability  of  the  final 
models.  The  jackknife  resampling  method  offers  a  relatively  unbiased  and  robust 
estimate  of  the  stability  when  enough  data  are  available  to  construct  50  or  more 
jackknifed  resampled  data  sets.  Our  estimations  of  variance  appear  consistent  with 
qualitative  observations  of  data  quality  and  azimuthal  variance.  When  sufficient  data  are 
present  the  jackknife  algorithm  can  be  used  to  estimate  uncertainty  as  a  function  of 
azimuth.  In  summary,  we  have  demonstrated  that  the  grid  search  inversion  method  along 
with  the  jackknife  stability  test  yield  reliable  one-dimensional  large  scale,  first  order 
crustal  structure.  The  grid  search  method  is  the  only  way  to  guarantee  an  optimal  and 
simple  solution  for  the  receiver  function  waveform  inversion.  We  have  found  significant 
differences  in  models  obtained  from  the  grid  search  and  the  linearized  least  squares 
method  for  station  KEG  and  BGIO.  This  observation  argues  that  there  are  instances 
when  it  is  important  to  use  a  more  general  approach  for  inverting  receiver  function 
waveforms  for  crustal  shear  wave  velocity  structure. 
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B.  LITHOSPHERIC  VELOCITY  DISCONTINUITIES  BENEATH  THE 
ARABIAN  SHIELD 

Abstract. 

We  have  determined  lithospheric  mantle  and  crustal  velocity  structure  beneath  the 
Arabian  Shield  through  the  modeling  of  teleseismic  P  waves  recorded  by  the  9  station 
temporary  broadband  array  in  western  Saudi  Arabia.  The  receiver  function 
deconvolution  technique  was  used  to  isolate  the  receiver-side  PS  mode  conversions.  A 
grid  search  method,  which  should  yield  an  unbiased  global  minimum,  was  used  to  solve 
for  both  optimal  and  simplest  multi-layered  shear-wave  velocity  models.  Results  from 
this  analysis  show  that  the  crustal  thickness  in  the  Shield  area  varies  from  35  to  40  km  in 
the  west,  adjacent  to  the  Red  Sea,  to  45  km  in  central  Arabia.  Stability  tests  of  each 
inversion  indicate  that  the  models  are  relatively  well  constrained.  We  have  also  observed 
evidence  for  a  large  positive  velocity  contrast  at  sub-Moho  depths  at  four  stations  at 
depths  of  80  to  100  km.  This  discontinuity  may  represent  a  change  in  rheology  in  the 
lower  part  of  the  lithosphere  or  remnant  structure  from  the  formation  of  the  Arabian 
Shield. 

Introduction 

Saudi  Arabia  consists  primarily  of  a  continental  Shield  and  is  bounded  by  young  rifting 
and  sea  floor  spreading  to  the  west  and  the  Zagros  fold  and  thrust  belt  system  to  the  east. 
The  Arabian  Shield  is  comprised  of  a  series  of  accreted  Proterozoic  island  arc  terranes 
which  were  possibly  formed  during  several  subduction  episodes  [Greenwood  et  al, 
1980].  The  northern  and  eastern  portions  of  the  Arabian  Shield  include  the  Afif  terrane 
which  is  composed  of  granites  (640-580  Ma),  volcanic  rocks,  and  meta-sediments  (660- 
600  Ma)  which  overlie  a  crystalline  basement  [Husseini,  1988].  The  volcanic  fields  in 
particular  are  very  young;  21  eruptions  are  known  to  have  occurred  in  the  last  1500  years 
[Camp  et  al,  1987].  On  the  western  margin  of  Saudi  Arabia,  geophysical  studies  indicate 
that  the  Red  Sea  is  an  active  spreading  center  [Cochran  et  al,  1991].  To  the  east  the 
Shield  is  bounded  by  the  Mesozoic  sedimentary  rocks  of  the  Arabian  Platform  which  dip 
gently  eastward  and  overlap  the  Shield  unconformably  [Powers  et  al,  1966]. 

There  have  been  a  number  of  geophysical  studies  of  the  crustal  and  upper  mantle 
structure  of  the  Arabian  Shield  [e.g.,  Niazi,  1968;  Mooney  et  al,  1985;  Mechie  et  al, 
1986;  Ghalib,  1992;  Mohktar,  1995].  In  particular,  a  large  reversed  refraction  profile  was 
shot  in  1978  across  the  Saudi  Arabian  Shield  [Mooney  et  al,  1985].  The  profile  location 
is  shown  in  Figure  1 .  Crustal  thickness  was  foimd  to  increase  gradually  toward  the  center 
of  the  Saudi  Arabian  Platform  and  thin  very  rapidly  near  the  coast  of  the  Red  Sea.  Sub- 
Moho  velocity  discontinuities  were  also  found  beneath  the  Moho  at  approximately  60  to 
70  km  depth  [Mooney  et  al,  1985].  Studies  of  surface  wave  dispersion  and  attenuation 
beneath  the  Arabian  Peninsula  found  an  average  crustal  thickness  of  approximately  45 
km  in  the  eastern  part  of  Arabia  and  high  attenuation  (Q=60  to  150)  beneath  all  of  the 
Arabian  Platform  [Seber  and  Mitchell,  1992;  Mohktar,  1995].  Badri  [1991]  found  very 
high  attenuation  in  the  upper  crust  of  the  Arabian  platform  (Qp=165)  and  very  low  in 
parts  of  the  Arabian  Shield  upper  crust  (Qp=1560). 


84 


Data  and  Inversion  Method 

From  November  1995  to  March  1997,  nine  temporary  broadband  three-component 
stations  were  deployed  across  the  Saudi  Arabian  Shield  (Figure  1).  These  stations 
consisted  of  STS-2  seismometers  recorded  at  40  sps  on  a  REFTEK  data  acquisition 
system.  All  nine  station  sites  proved  to  be  exceptionally  quiet  and  recorded  very  high 
quality  data  that  we  used  to  create  receiver  function  stacks  from  a  minimum  of  six 
receiver  function  waveforms  (Table  1).  Station  BISH,  however,  recorded  very  little  data 
before  being  damaged  early  in  the  experiment.  We  used  the  spectral  deconvolution 
method  to  create  the  receiver  function  stacks.  The  majority  of  earthquakes  that  were  used 
to  create  our  receiver  function  stacks  were  located  to  the  northeast  of  our  stations. 
Therefore  the  teleseismic  P-waves  are  sampling  crustal  and  mantle  structure  just  to  the 
northeast  of  each  of  the  stations  used  in  this  study.  The  time  domain  receiver  function 
method  was  used  to  test  for  possible  waveform  distortion  from  the  spectral  division 
technique.  We  found  very  little  difference  between  the  spectral  division  technique  and 
the  time-domain  deconvolution. 

A  grid  search  technique  was  used  to  invert  the  receiver  function  stacks  for  the  shear-wave 
velocity  structure.  In  order  to  invert  the  observed  receiver  function  stacks  for  the  crustal 
shear  wave  velocity  structure,  we  applied  a  two-iteration  grid  search  method  combined 
with  a  jackknife  error  estimation  technique  [Sandvol  et  al,  submitted  1998].  A 
reflectivity  synthetic  seismogram  algorithm,  initially  developed  by  Kennett  [1984],  was 
used  to  create  our  synthetic  receiver  functions.  To  invert  the  receiver  function  data  we 
employed  a  grid  search  scheme  using  a  maximum  of  six  layers  in  our  model.  It  should  be 
noted  that  the  half-space  (upper  mantle  shear  wave  velocity)  is  constrained  only  by  the 
amplitude  of  the  direct  P  wave  and  the  amplitude  of  the  PSMoho  phase;  hence  it  is 
somewhat  unreliable.  We  used  results  from  surface  wave  studies  [Seber  and  Mitchell, 
1992;  Mohktar,  1995]  to  provide  constraints  on  the  upper  mantle  velocities  beneath  the 
Arabian  Shield.  The  search  interval  was  chosen  to  be  0.1  km/sec  for  the  shear  wave 

Table  1.  Best  measurements  of  crustal  thickness  using  the  stacked  receiver 
functions.  The  error  has  been  calailated  from  the  variance  of  thejackknlfe 
model  parameters.  The  number  ofjackknife  resampled  data  sets  used  Is  also 
given.  Stations  with  fewer  than  50  Jackknife  Iterations  are  statistically 
undersampled  therefore  those  error  estimates  are  not  as  reliable  and  are 
indicated  by  asterisks. 


Station  Latitude  Longitude  Crustal  Thickness  #  of  events  Jackknife 
Name  (degrees)  (degrees)  (kra)  In  stack  Iterations 

_ e_ 


SODA 

18.29 

42.37 

38.0  ±  1.0 

12 

67 

TAIF 

21.28 

40.34 

40.5  ±2.5* 

6 

20 

RANI 

21.31 

42.77 

35.0  ±2.5* 

7 

35 

HALM 

22.84 

44.31 

40.0  ±  1.0 

21 

100 

AFIF 

23.93 

43.04 

39.0  ±  1.0 

18 

90 

RAYN 

23.52 

45.50 

44.0  ±  2.5* 

6 

20 

RIYD 

24.72 

46.64 

4  5.0  ±2.0 

10 

50 

UQSK 

25.79 

42.36 

37.0  ±  1.5 

12 

70 
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Figure  1.  Simplified  tectonic  map  of  the  Arabian  peninsula.  Also  shown  are  all  of  the 
broadband  stations  (solid  triangles)  as  well  as  the  1978  refraction  profile  line.  Station  BISH  is 
the  only  station  which  has  not  been  used  in  our  study  due  to  a  lack  of  data 
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Figure  2.  Stacked  and  optimal  synthetic  receiver  function  comparisons  for  all  eight 
stations  used  in  this  study.  Using  at  most  a  three-layer  crust  to  model  these  waveforms 
we  have  obtained  reasonably  good  fit  for  all  eight  stations.  At  station  RANI  we  also 
allowed  the  Poisson's  ratio  to  vary  along  with  the  shear- velocity  and  layer  thickness  in 
order  to  obtain  a  good  fit.  Also  identified  are  the  P-to-S  (PS)  conversion  at  the  basement 
(PSBM),  Moho  (PSMoho),  and  a  mantle  velocity  discontinuity  (PSL).  In  addition  to 
these  phases  we  have  also  fit  the  absolute  amplitudes  of  the  receiver  functions,  except  for 
station  RIYD.  At  station  RIYD  an  error  occurred  with  the  gain  of  the  vertical 
component,  therefore  we  have  normalized  this  receiver  function. 
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velocity  and  2  km  for  layer  thickness  and  in  some  cases  1  km  for  the  first  layer  (Table  1). 
After  obtaining  the  results  from  our  grid  search  we  qualitatively  analyzed  each  layer  as  to 
whether  or  not  the  layer  contributed  a  significant  amount  of  energy  to  the  synthetic.  We 
performed  this  exercise  for  all  9  stations.  The  limited  number  of  model  parameters  in  the 
waveform  inversion  has  allowed  us  also  to  employ  either  a  bootstrap  or  a  jackknife 
resampling  error  estimation  scheme. 

A  jackknife  data  resampling  technique  has  the  advantage  of  not  requiring  the  estimation 
of  a  noise  vector  or  time  series,  and  these  techniques  have  been  proven  to  yield  unbiased 
and  robust  error  estimates  for  non-linear  inversions  [Efron,  1982;  Tichelaar  and  Ruff, 
1 989] .  Therefore,  we  have  chosen  this  resampling  method  to  estimate  the  stability  of  our 
shear  wave  velocity  model  inversions.  The  drawback  of  this  technique  is  that  it  will  not 
measure  errors  in  our  velocity  models  caused  by  systematic  errors  in  the  data.  We  have 
been  able  to  test  for  effects  of  such  systematic  errors  for  stations  where  Moho  depths 
have  been  measured  using  other  geophysical  studies. 

This  technique  gives  a  reliable  estimate  of  the  receiver  function  stability,  as  long  as  there 
is  a  sufficient  number  of  receiver  functions  that  can  create  a  “large”  (>  50)  number  of 
resampled  stacks.  In  order  to  test  the  robustness  of  this  error  estimator  we  tried  a  number 
of  different  re-sampling  schemes  (i.e.,  delete-1,  delete  n-1,  etc.)  and  compared  the 
resulting  error  estimates.  We  have  foimd  that  our  error  estimates  vary  by  no  more  than 
20%  depending  upon  which  resampling  method  one  uses.  We  use  the  largest  error 
estimates  from  the  different  jackknife  resampling  schemes. 

Results 

We  have  foxmd  crustal  thicknesses  on  the  order  of  40  km  throughout  the  Arabian  Shield. 
There  are  however,  some  slight  variations  (±5  km).  Near  the  southern  Arabian  coast  the 
crust  appears  thinner  at  stations  SODA  and  RANI,  where  we  have  formd  good  waveform 
matches  for  crustal  thicknesses  of  38  and  35  km,  respectively  (Figure  2).  Results  from 
stations  SODA  and  TAIF  indicate  that  the  crust  appears  to  gradually  thicken  northward 
(Figure  3).  This  is  consistent  with  the  observation  that  the  Red  Sea  rift  is  opening 
progressively  faster  towards  the  south.  Also,  the  40  km  Moho  depth  indicates  that  the 
transition  from  oceanic  to  continental  crust  is  extremely  abrupt.  Beneath  station  RANI, 
the  crust  is  relatively  thin  (35.0  ±  2.5  km).  At  this  station  it  was  necessary  to  vary  the 
Vp-Vs  ratio  in  order  to  fit  both  the  P-to-S  conversion  as  well  as  the  crustal  multiples. 
Using  a  Poisson’s  ratio  of  0.24,  we  were  able  to  fit  the  waveforms  reasonably  well 
(Figure  2). 

Within  the  Arabian  Shield  the  crust  is  consistently  thicker  than  at  the  coastal  stations. 
We  have  found  Moho  depths  of  39, 40,  and  44  km  at  stations  AFIF,  HALM,  and  RAYN, 
respectively  (Figure  3).  Beneath  the  northernmost  station,  UQSK,  the  crust  appears  to 
thin  to  37  km.  At  station  RAYN  we  have  also  observed  evidence  of  a  boundary  which 
separates  the  upper  from  lower  crust.  This  is  the  only  station  at  which  we  needed  a  major 
mid-crustal  impedance  contrast  to  fit  the  receiver  function  waveforms.  At  station  RIYD, 
located  off  the  Arabian  Shield,  we  found  the  thickest  crust  of  45  km.  This  value  is 
consistent  with  the  body  wave  and  surface  wave-inversion  studies  that  have  also  found  a 
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mean  crustal  thickness  of  45  km  beneath  the  eastern  Arabian  platform  [Al-Amri  et  al, 
1995;  Mohktar,  1995], 

An  additional  finding  was  the  depth  to  basement  beneath  station  RIYD.  The  depth  to  the 
basement-sedimentary  cover  contact  was  found  to  be  3  km.  This  depth  is  in  good 
agreement  with  the  depth  to  basement  found  from  oil  exploration  wells  in  the  region 
[Peterson  and  Wilson,  1986]  which  also  found  the  basement  to  be  3  km  beneath  station 
RIYD.  RIYD  is  the  only  station  where  we  have  observed  what  can  be  reasonably 
interpreted  as  the  basement-sedimentary  cover  contact. 

We  have  also  observed  several  sub-Moho  phases  (Figure  2).  These  PS  conversions 
provide  strong  evidence  that  the  Arabian  lithospheric  mantle  velocity  structure  cannot  be 
described  by  a  continuous  velocity  gradient.  There  appears  to  be  at  least  one  fairly 
discrete  velocity  boundary  beneath  four  of  the  stations  in  the  Arabian  Shield.  This 
boimdary  is  not  observed  at  stations  SODA,  RANI,  and  RAYN.  Its  absence  at  station 
RAYN  may  be  due  to  destructive  interference  between  the  multiple  reflections  occurring 
at  a  mid-crustal  velocity  discontinuity  and  the  PS  conversion  at  the  mantle  discontinuity 
(Figure  3).  Assuming  we  can  correlate  this  feature  beneath  these  stations,  we  observe  a 
progressive  shallowing  of  the  upper  mantle  discontinuity  towards  the  north  beneath 
stations  HALM  and  AFIF.  However,  we  have  foimd  that  this  discontinuity  at  station 
AFIF  is  poorly  constrained  (±  7  km).  Comparing  stations  HALM  and  RIYD,  we  observe 
a  gradual  dip  of  the  boundary  toward  the  east  (Figure  3).  It  is  also  reasonable  to  interpret 
our  results  as  not  a  continuous  velocity  discontinuity  but  as  entirely  unrelated  features  in 
the  lithospheric  mantle. 

We  also  observe  evidence  for  a  large  positive  velocity  discontinuity  at  90  km  very 
clearly  at  station  TAIF.  This  is  a  very  unexpected  result  since  the  lithosphere- 
asthenosphere  boundary  is  thought  to  be  at  approximately  100  km  along  the  Red  Sea 
coast  [Ghalib,  1992],  with  a  negative  velocity  contrast.  This  may  be  an  indication  that, 
like  the  crust,  there  is  a  rapid  lateral  change  in  the  thickness  of  the  lithosphere  from  the 
Arabian  Shield  to  the  Red  Sea. 

Interpretations  and  Conclusions 

The  1978  refraction  experiment  [Mooney  et  al,  1985]  allows  us  an  excellent  opportunity 
to  compare  our  velocity  model  results  with  an  entirely  independent  data  set  (Figure  4). 
The  refraction  experiment  measured  compressional  wave  velocities,  while  receiver 
function  inversions  are  primarily  sensitive  to  shear-wave  velocity.  The  receiver  function 
inversion  crustal  thickness  estimations  are  very  similar  to  those  obtained  by  Mooney  et  al. 
[1985].  Only  at  station  RANI  do  we  observe  a  significant  (>  2  km)  difference  between 
the  two  studies.  We  do  not,  however,  observe  evidence  for  most  of  the  mid-crustal 
velocity  changes;  probably  most  of  the  velocity  contrasts  were  not  large  enough  to 
produce  significant  S-wave  energy  in  the  teleseismic  P-wave  coda.  At  station  RAYN 
however,  there  is  a  great  deal  of  correlation  between  the  refraction  and  the  receiver 
function  models.  Overall  we  can  conclude  that  these  two  independent  methods  have 
given  very  similar  results,  lending  validation  to  both  methods. 
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Figure  3.  Summary  of  the  shear-wave  velocity  models  obtained  in  this  study.  The  error 
bounds  for  each  of  velocity  models  from  the  jackknife  error  estimator  are  also  given 
(dashed  lines).  For  station  RANI  the  Poisson's  ratio  (?)  and  jackknife  error  estimate  are 
also  given.  Each  of  the  boundaries  shown  (Moho  and  mantle  discontinuity)  are  drawn, 
assuming  a  linear  variation  between  stations. 


SODA  RANI  HALM  RAYN  RIYD 
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function  inversion  detect  upper-crustal  and  mid-crustal  velocity  discontinuities.  These  features  are  also  seen  on  the 
refraction  model  and  have  substantially  larger  impedance  contrasts  (-0.3  km/s)  than  those  observed  in  the 
southwestern  portion  of  the  profile. 


We  have  observed  a  localized  zone  of  relative  crustal  thinning  at  stations  RANI  as  well 
as  a  small  anomaly  in  the  Poisson’s  ratio  at  station  RANI.  It  is  unclear  what  type  of 
processes  would  lead  to  this  localized  crustal  thinning;  however,  the  amount  of  thinning 
is  relatively  small  (<  5  km).  There  also  is  significant  change  in  crustal  structure  between 
stations  HALM  and  RAYN  (Figure  4)  which  is  very  similar  to  that  observed  by  Mooney 
et  al.  [1985].  This  change  in  upper  crustal  velocities  could  be  attributed  to  a  change  in 
the  grade  of  metamorphism  in  the  upper  crust.  Overall  we  observe  a  trend  of  crustal 
thickening  towards  the  northeast  and  relatively  little  change  in  crustal  thickness  towards 
the  north-northwest.  This  may  be  indicative  of  shortening  of  the  Arabian  plate  caused  by 
the  collision  of  Arabia  with  Eurasia  along  the  Zagros  fold  and  thrust  belt. 

Our  estimation  of  crustal  thickness  values  does  not  correlate  well  with  the  topography  or 
the  major  tectonic  boundaries.  It  is  possible  that  in  order  for  the  Arabian  crust  to  be  in 
isostatic  equilibrium  there  are  systematic  density  variations  in  the  upper  mantle  and  crust 
near  station  SODA  and  RANI  in  the  south  and  UQSK  in  the  north.  We  do  not  observe 
systematic  changes  in  the  shear-velocity  structure  to  support  such  an  idea,  but  it  should 
be  noted  that  at  all  three  of  these  stations  we  have  a  fairly  high  error  associated  with  the 
mean  crustal  S-wave  velocity. 

The  origin  of  the  positive  upper  mantle  S-wave  velocity  discontinuity  is  not  entirely 
clear.  If  these  velocity  contrasts  are  representative  of  independent  upper  mantle  structure 
and  not  a  continuous  boundary  underlying  the  Arabian  Shield  then  they  could  be 
attributed  to  individual  remnant  structures  from  when  the  Arabian  Shield  was  formed 
during  the  late  Proterozoic  orogenic  events,  about  600  Ma.  Similarly,  these  anomalies 
could  represent  localized  structure  originating  from  the  propagation  of  magma  through 
the  lithospheric  mantle.  Om  observations  bound  a  region  in  which  there  is  evidence  for 
asthenospheric  upwelling  [Camp  and  Roobol,  1992].  However,  the  location  of  our 
observations  does  not  correlate  well  with  either  the  paleo-subduction  zones  or  the 
locations  of  surficial  Neogene  and  Quaternary  volcanics  (Figure  4).  Furthermore,  data 
indicate  that  there  is  a  positive  velocity  contrast  in  the  lithospheric  mantle,  not  a  negative 
one.  Another  possible  explanation  would  be  that  we  are  imaging  the  bottom  portion  of 
the  lithosphere  which  has  been  altered  through  metasomatism.  This  alteration  may  have 
caused  the  seismic  velocities  to  increase  significantly.  If  these  velocity  discontinuities 
are  at  the  base  of  the  lithosphere,  then  it  is  very  interesting  to  note  that  the  lithosphere 
does  not  appear  to  thin  much  eastward.  Other  than  the  lack  of  evidence  for  this  anomaly 
at  stations  SODA,  RANI,  and  UQSK  this  would  seem  to  be  the  most  likely  explanation 
given  what  we  know  about  the  lithospheric  thickness  in  this  region. 

The  location  of  a  90  to  100  km  deep  positive  velocity  contrast  beneath  station  TAIF  is 
circumstantial  evidence  for  a  thick  lithosphere  along  the  Red  Sea  coast.  The  existence  of 
both  a  thick  crust  and  lithosphere  along  Ae  eastern  Red  Sea  margin,  along  with  other  key 
pieces  of  geologic  evidence  [e.g.  McKenzie  et  al.,  1970],  are  consistent  with  the  Red  Sea 
forming  via  continental  splitting.  Furthermore,  the  splitting  would  need  to  be  fairly  rapid 
in  order  that  the  continental  lithosphere,  flanking  the  rift,  is  not  significantly  thiimed. 
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C.  BASEMENT  DEPTH  AND  SEDIMENTARY  VELOCITY  STRUCTURE  IN 
THE  NORTHERN  ARABIAN  PLATFORM,  EASTERN  SYRIA 

Abstract 

Basement  depth  in  the  Arabian  plate  beneath  eastern  Syria  is  found  to  be  much  deeper 
than  previously  supposed.  Deep-seated  faulting  in  the  Euphrates  fault  system  is  also 
documented.  Data  from  a  detailed,  300  km  long,  reversed  refraction  profile,  with  offsets 
up  to  54  km,  are  analyzed  and  interpreted,  yielding  a  velocity  model  for  the  upper  ~  9  km 
of  continental  crust.  The  interpretation  integrates  the  refraction  data  with  seismic 
reflection  profiles,  well  logs  and  potential  field  data,  such  that  the  results  are  consistent 
with  all  available  information.  A  model  of  sedimentary  thicknesses  and  seismic 
velocities  throughout  the  region  is  established.  Basement  depth  on  the  north  side  of  the 
Euphrates  is  interpreted  to  be  aroimd  6  km,  whilst  south  of  the  Euphrates  basement  depth 
is  at  least  8.5  km.  Consequently,  the  potentially  hydrocarbon-rich  pre-Mesozoic  section 
is  shown,  in  places,  to  be  at  least  7  km  thick.  The  dramatic  difference  in  basement  depth 
on  adjacent  sides  of  the  Euphrates  graben  system  may  suggest  that  the  Euphrates  system 
is  a  suture  /  shear  zone,  possibly  inherited  from  Late  Proterozoic  accretion  of  the  Arabian 
plate.  Gravity  modeling  across  the  southeast  Euphrates  system  tends  to  support  this 
hypothesis.  Incorporation  of  previous  results  allows  us  to  establish  the  first-order  trends 
in  basement  depth  throughout  Syria. 

Introduction  And  Geologic  Background 

We  present  an  interpretation  of  seismic  refraction  data  collected  along  a  north-south 
profile  in  eastern  Syria.  The  refraction  data  are  interpreted  in  conjunction  with  well  logs, 
seismic  reflection  data,  gravity  and  magnetic  data.  Hence,  previously  unknown 
metamorphic  basement  depth,  and  pre-Mesozoic  sedimentary  thickness,  in  eastern  Syria 
are  established.  Along  with  indications  of  basement  and  deep  sedimentary  structure,  this 
can  help  to  determine  the  intracontinental  tectonic  processes  that  have  shaped  the  region. 

The  tectonic  setting  of  Syria  within  the  Arabian  plate  (Figure  1)  shows  that  the  coimtry  is 
almost  surrounded  by  active  plate  boundaries.  The  western  boundary  is  marked  by  the 
left-lateral  Dead  Sea  fault  system  which  extends  from  the  Gulf  of  Aqaba  in  the  south  to 
the  Cyprus  subduction  zone  -  Bitlis  suture  -  Dead  Sea  transform  triple  jimction  in  the 
north.  The  Dead  Sea  fault  marks  the  boundary  between  the  Arabian  plate  to  the  east  and 
the  Levantine  (east  Mediterranean)  subplate  to  the  west.  To  the  north  of  Syria  lies  the 
Bitlis  suture  which  represents  the  collision  zone  of  the  Arabian  and  Eurasian  plates. 
Continuing  movement  along  this  boundary  is  accommodated  by  thrusting  along  the  Bitlis 
suture  as  well  as  movement  on  the  East  Anatolian  left-lateral  fault,  as  the  Anatolian 
subplate  maneuvers  to  escape  collision.  To  the  east  and  southeast  of  Syria  the  Neogene- 
Quatemary  Zagros  fold  belt  marks  the  collision  zone  of  the  Arabian  plate  with  Iran  (e.g. 
Sengor  &  Kidd  1979;  Sengor  &  Yilmaz  1981). 

It  is  generally  believed  that  the  movement  along  the  surrounding  plate  boundaries 
controls  the  intraplate  deformation  observed  in  Syria  (e.g.  Barazangi  et  al.  1993).  The 
two  main  structural  features  of  the  country  are  the  Palmyride  fold  and  thrust  belt  of 
central  Syria,  and  the  Euphrates  fault  system  in  the  east  (Figure  2).  It  has  been  suggested 
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Figure  2.  Map  of  eastern  and  central  Syria  showing  location  of  selected  data  sources.  Shaded 
area  represents  approximate  location  of  Euphrates  fault  system.  The  extent  of  the  faulting  to 
the  north  and  into  Turkey  is  largely  unconstrained.  Only  a  small  portion  of  the  total  number  of 
seismic  reflection  lines  used  in  this  study  are  shown.  Substantial  additional  well  data  farther 
from  the  refraction  line  were  also  available. 
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(e.g.  Best  et  al.  1990)  that  these  structures  could  be  formed  by  reactivation  along  zones  of 
weakness  in  the  Arabian  plate  -  weaknesses  that  have  perhaps  persisted  since  the 
Proterozoic  (e.g.  Barazangi  et  al.  1993;  Litak  et  al.  1996a).  However,  whilst  an 
appreciable  amount  of  research  has  been  conducted  in  the  Palmyrides  (e.g.  Chaimov  et 
al.  1990;  McBride  et  al.  1990;  Al-Saad  et  al.  1992;  Barazangi  et  al.  1992),  relatively  little 
work  has  focused  on  eastern  Syria.  In  particular,  the  Euphrates  system  has  received 
limited  attention  in  comparison  to  its  geologic  and  economic  importance  (e.g.  Beydoun 
1991;  de  Ruiter  et  al.  1994).  Recent  work  (Sawaf  et  al.  1993;  Alsdorf  et  al.  1995;  Litak 
et  al.  1996a,  1996b)  has  increased  understanding  of  the  Euphrates  system,  but  detailed 
assessment  of  basement  structure  and  depth  in  this  region  has,  until  now,  been 
unavailable.  Hence,  our  results  are  a  valuable  contribution  to  the  knowledge  and 
understanding  of  the  regional  structure  and  tectonics  of  eastern  Syria. 

The  area  of  eastern  Syria  focused  upon  in  this  study  can  be  roughly  divided  into  four 
structural  zones  of  intraplate  deformation,  within  which  the  deformation  appears  to  be 
controlled  by  movement  on  the  nearby  plate  boundaries.  From  north  to  south  these  are 
the  Abd  el  Aziz  structural  zone,  the  Derro  high,  the  Euphrates  fault  system  and  the 
Rutbah  uplift  (Figure  2). 

The  Abd  el  Aziz  uplift  is  an  anticlinorium  controlled  mainly  by  a  major  south-dipping 
reverse  fault  (e.g.  Ponikarov  1967;  Lovelock  1984).  It  is  thought  that  the  Abd  el  Aziz 
was  a  sedimentary  basin  in  the  Mesozoic  which  inverted  in  the  Neogene  (Sawaf  et  al. 
1993),  and  may  have  been  the  northwestern  edge  of  the  larger  Sinjar  trough  which 
existed  at  that  time  (Lovelock  1984). 

South  of  Abd  el  Aziz,  and  to  the  north  of  the  Euphrates,  is  a  series  of  structural  highs, 
controlled  by  deeply  penetrating  faults.  Most  prominent  of  these  is  the  Derro  high  which 
is  interpreted  to  be  bounded  by  north-dipping  reverse  faults  that  separate  this  area  from 
the  Abd  el  Aziz  (Sawaf  et  al.  1993).  Basaltic  outcrops  along  some  of  the  larger  faults 
around  the  Derro  high  could  offer  further  evidence  for  the  deep-seated  nature  of  faulting 
in  this  area. 

Although  largely  xmexpressed  by  surface  features,  the  Euphrates  fault  system  represents 
an  aborted  rift  system,  striking  roughly  NW-SE  and  extending  completely  across  Syria. 
The  faulting  is  thought  to  represent  a  Late  Cretaceous  transtensional  graben  system  with 
minor  reactivation  in  Neogene  times  (Lovelock  1984).  The  system  can  be  roughly 
divided  into  three  parts  along  its  length  (Litak  et  al.  1996a):  a  northwestern  segment 
exhibiting  shallow  grabens  and  significant  inversion;  a  central  segment  where  the 
Euphrates  system  bounds  the  Palmyrides  and  strike-slip  movement  is  apparent;  and  the 
southeastern  part  which  is  characterized  by  deep  graben  features  and  only  very  minor 
inversion  (Figure  2).  Although  Lovelock  (1984)  suggested  that  most  movement  in  the 
system  took  place  on  a  few  major  faults,  recent  work  clearly  indicates  that  the 
deformation  is  widely  distributed  (de  Ruiter  et  al.  1994;  Litak  et  al.  1996a,  1996b). 
Faulting,  for  the  most  part,  is  nearly  vertical  in  most  places,  resulting  in  limited  (<  6  km) 
extension  across  the  system  (Litak  et  al.  1996b). 
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The  southernmost  section  of  the  refraction  profile  crosses  the  eastern  edge  of  the  Rutbah 
uplift,  an  extensive  upwarp  which  affects  large  parts  of  western  Iraq,  northern  Jordan  and 
southern  Syria.  Doming  and  extensive  erosion  of  the  area  is  known  to  have  taken  place 
during  the  Mesozoic  and  Tertiary  (e.g.  Lovelock  1984).  Very  little  deformation  is  found 
in  the  strata  of  the  Rutbah  Uplift,  except  along  the  northeastern  edge  where  it  trends  into 
the  Euphrates  depression. 

Basement  Rocks  in  Syria 

The  lack  of  current  constraints  on  basement  depth  in  Syria  is  a  consequence  of  an  almost 
complete  absence  of  basement  outcrops,  and  only  one  well,  in  the  far  northwest  of  the 
country,  has  penetrated  the  Precambrian  (Ponikarov  1967).  The  few  basement  exposures 
that  exist  are  in  northwest  Syria,  Jordan,  southern  Israel  and  in  southern  Turkey,  all  at 
extensive  distances  from  the  study  area,  and  in  different  geologic  regimes  (Ponikarov 
1967;  Sawaf  et  al.  1993).  Leonov  et  al.  (1989)  constructed  a  depth  to  basement  map 
within  Syria  based  on  well  data  and  seismic  reflection  data,  thus  establishing  the  broad 
trends  which  are  still  generally  accepted.  However,  the  small  scale  and  lack  of  direct 
evidence  used  in  the  study  of  Leonov  et  al.  (1989)  limit  its  applicability  and  new  results 
presented  here  disagree  somewhat  with  this  earlier  assessment.  Best  et  al.  (1993) 
mapped  basement  for  the  whole  of  Syria  by  using  a  prominent  Mid-Cambrian  reflection 
event  as  a  proxy  for  basement  rocks.  However  the  results  presented  here  show  there  can 
be  substantial  differences  between  the  depth  of  the  Middle  Cambrian  and  basement  rocks. 
Seber  et  al.  (1993),  using  seismic  refraction  data,  established  basement  depths  in  central 
Syria  to  be  around  6  km  beneath  the  Aleppo  Plateau,  9-1 1  km  beneath  the  Palmyrides  and 
at  least  8  km  in  the  south  of  the  country.  Additionally,  Seber  et  al.  (1993)  found  seismic 
velocities  of  basement  rocks  to  be  around  6  km  s'^,  in  agreement  with  the  findings  of 

refraction  surveys  in  Jordan  which  interpreted  basement  velocities  of  5.8  -  6.5  km  s"l 
(Ginzburg  et  al  1979;  El-Isa  et  al.  1987).  However,  in  the  absence  of  previous 
investigations  in  eastern  Syria,  the  results  presented  here  offer  a  unique  assessment  of 
basement  depth  in  this  region,  and  hence  offer  new  insight  on  the  deformational  history 
of  the  northern  Arabian  platform. 

Data  Analysis 

Data  Acquisition 

The  model  of  basement  depth  and  deep  sedimentary  structure  that  we  develop  relies  on 
the  analysis  of  several  data  sources,  particularly  a  300  km  long  seismic  refraction  profile. 
The  refraction  data  were  collected  as  part  of  a  larger  seismic  profiling  effort  spanning  all 
of  Syria,  conducted  by  a  SoviefrSyrian  joint  project  in  1972-3.  Nine  refraction  lines  were 
shot,  totaling  2592  km,  providing  unique  data  for  the  study  of  deep  sedimentary  structure. 

The  original  analysis  of  the  seismic  refraction  data  (Ouglanov  et  al.  1974)  relied  on 
interpretation  techniques  that  established  velocities  using  simplistic  formulae  that  are 
now  known  to  be  problematic.  Additionally,  the  original  interpretation  attached 
stratigraphic  significance  to  some  of  the  velocity  contrasts  observed  in  the  refraction 
interpretation.  Data  from  wells  drilled  since  this  initial  interpretation  show  these 
stratigraphic  inferences  to  be  incorrect.  However,  as  this  old  interpretation  was  never 
written  in  final  form,  and  was  never  published,  further  results  of  the  1974  analysis  of  the 
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Figure  3.  Configuration  of  shots  and  geophone  spreads  used  in  the  refraction  interpretation. 
Cumulative  fold  of  coverage  also  shown. 
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Figure  4.  Typical  example  of  original  refraction  data.  Part  of  reverse  spread  from  shot  17.  Note  the  good  quality  of  first 
arrivals  (highlighted  with  line  added  by  authors)  which  were  digitized  to  accomplish  a  ray-traced  interpretation. 


data  are  not  discussed  here.  With  the  benefit  of  technological  advances  in  the 
interpretation  of  these  type  of  data,  and  aided  by  extensive  supplementary  data  sources, 
we  present  a  new  interpretation  of  the  original  data  shovwng  basement  depth  to  be  much 
greater  than  originally  interpreted. 

Figure  2  shows  the  location  of  the  profile,  the  seismic  reflection  lines  and  the  well  logs 
used  in  this  interpretation.  The  refraction  line  is  302  km  long  and  oriented  north-south. 
A  total  of  44  shot  points  were  employed  along  the  profile  having  a  spacing  of 
approximately  7  km.  Shot  sizes  varied  between  50  and  1250  kg  dependent  on  geophone 
offset;  data  were  recorded  along  forward  and  reverse  geophone  spreads  for  each  shot,  and 
geophone  spacing  was  150  meters.  For  most  shots  both  a  high  and  low  gain  analog 
recording  were  made.  The  geophone  spreads  were  of  two  types:  every  second  shot  point 
had  ‘short’  spreads  of  28  km  maximum  offset  and  the  remaining,  ‘long’,  spreads  had 
nominal  maximum  offsets  of  48  km,  with  the  longest  spread  being  54  km.Since  deep 
sedimentary  structure  was  the  primary  focus  of  this  investigation,  it  was  decided  that  the 
shorter  spreads  (28  km  offsets)  contained  little  data  that  could  not  be  obtained 
independently  from  the  longer  spreads.  Thus,  data  from  23  shots,  each  with  forward  and 
reverse  geophone  spreads,  are  used  in  our  interpretation.  This  yields  a  fold  of  coverage  at 
least  700%  in  most  places  (Figure  3),  unusually  high  for  a  survey  of  this  type. 

In  analyzing  these  data  the  original  photographic  analog  recordings  from  the  survey  were 
used  to  digitize  first  and,  wherever  possible,  subsequent  arrivals.  Recognition  of  first 
arrivals  was  generally  unambiguous  owing  to  large  shot  sizes  and  relatively  quiet 
recording  conditions  (Figure  4).  Identification  of  subsequent  arrivals,  however,  was 
generally  precluded  by  the  large  amplitudes  of  the  traces  and  short  recording  times.  A 
total  of  approximately  17,000  arrivals  were  digitized. 

Data  Interpretation 

The  refraction  data  were  interpreted  using  a  geometric  ray-tracing  approach  utilizing  the 
software  of  Luetgert  (1992).  Preliminary  interpretation  involved  simple  refraction 
modeling;  the  positions  and  velocities  of  various  user-defined  layers  in  the  software  were 
subtly  altered  imtil  travel  times  of  calculated  rays-paths  through  the  computer  model 
matched  those  of  the  digitized  arrival  times.  This  preliminary-type  interpretation 
produced  a  7-layer  model  with  seismic  velocity  increasing  in  each  deeper  layer. 
Although  naturally  in  agreement  with  the  refraction  data,  the  velocity  interfaces  in  this 
model  were  found  to  be  in  disagreement  with  some  velocity  boundaries  observed  in  sonic 
logs  and  travel  times  from  seismic  reflection  data.  The  disagreement  was  largely  a 
consequence  of  the  limitations  in  the  refraction  method,  in  particular  the  inability  to 
resolve  low-velocity  layers  that  are  clearly  demonstrated  by  the  sonic  logs  (Figure  5). 

However,  the  ambiguity  of  low-velocity  layers  can  be  eliminated  if  velocity  information 
is  available  from  an  independent  source,  or  if  reflection  travel  times  are  known  in 
addition  to  refraction  times  (e.g.  Kaila,  Tewari  &  Krishna  1981).  Therefore,  an 
interpretation  strategy  was  adopted  in  which  the  refraction,  reflection  and  well  data  were 
used  simultaneously  in  the  refinement  of  the  velocity  model,  thus  establishing  a  model 
consistent  with  all  available  data.  This  began  with  the  construction  of  an  initial  velocity 
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model  constrained  at  shallow  depths  (<  4  km)  by  seismic  reflection  and  well  data,  with 
sonic  logs  from  parts  of  3  wells  (Figure  2)  allowing  estimates  of  seismic  velocities.  The 
deeper  section  of  the  initial  model  was  less  constrained  and  relied  on  extrapolation  from 
the  shallow  section  and  limited  reflection  data.  The  ground  surface  of  the  model  was 
extracted  from  digital  topographic  data,  sub-sampled  to  approximately  1  km  horizontal 
resolution.  The  initial  model  was  refined  through  ray-tracing  to  improve  agreement  vvdth 
the  various  data,  in  particular  the  refraction  arrival  times.  The  modeling  effort,  described 
further  below,  culminated  in  what  is  hereafter  referred  to  as  the  ‘final  velocity  model’  -  a 
model  consistent  with  all  the  available  data. 

Due  to  the  high  fold  of  coverage  of  the  refraction  data,  and  the  various  other  constraining 
data,  many  iterations  were  necessary  to  produce  a  velocity  model  in  agreement  with  all 
the  data.  The  refraction  interpretation  was  done  by  taking  each  individual  shot  in  turn, 
and  changing  the  velocity  model  to  produce  the  best  fit  between  the  observed  and  the 
calculated  arrivals  for  that  shot.  However,  due  to  the  higher  than  1 00%  fold  of  coverage, 
modifications  made  to  the  model  by  examining  the  fit  for  one  shot  obviously  changed  the 
fit  between  the  observed  and  calculated  arrivals  for  other  adjacent  shots.  Thus,  after  each 
change  to  the  velocity  model,  the  fit  between  the  calculated  and  observed  arrivals  from 
every  shot  had  to  be  checked.  The  final  velocity  model  was  determined  by  obtained  the 
best  overall  fit  of  the  arrivals  for  all  the  shots.  Although  this  was  extremely  time- 
consuming,  the  process  yielded  an  essentially  unique  velocity  model  that  is  in  agreement 
with  all  the  refraction  arrivals. 

It  was  clear  from  the  integrated  modeling  that  some  of  the  velocity  interfaces  detected  by 
the  refraction  data  coincided  with  age  horizons  and  associated  velocity  changes  in  sonic 
log  data.  Figme  5  shows  the  sonic  log  and  synthetic  seismogram  from  the  Derro  well, 
along  with  velocities  from  the  final  velocity  model.  This  shows  how  the  velocities  in  the 
final  model  fit  those  found  in  the  sonic  log,  whilst  at  the  same  time  the  depths  of  the 
velocity  interfaces  match  the  depths  of  certain  age  horizons  found  in  the  well.  Where 
such  correlations  were  observed  the  velocity  model  was  modified  to  fit  both  the  well  data 
and  the  refraction  data  as  accurately  as  possible. 

Knowing  the  age  of  certain  velocity  interfaces,  reflection  data  were  utilized  in 
conjunction  "with  the  refraction  data.  Two-way  reflection  times  derived  from  the  final 
velocity  model  and  those  from  seismic  reflection  data  were  compared  to  support  the 
refraction  interpretation  and  add  further  detail  which  could  not  be  resolved  by  the 
refraction  method  alone.  For  example,  faults  interpreted  from  seismic  reflection  data 
were  used  to  refine  the  details  of  the  final  velocity  model  (e.g.  Figure  6a).  Figme  6 
shows  examples  of  how  two-way  times  in  the  final  velocity  model  compare  to  those  from 
seismic  reflection  data.  Although  not  all  prominent  reflections  are  associated  with 
refractions  (e.g.  mid-Cambrian  reflector.  Figure  6b)  most  of  the  reflectors  are  correlated 
to  refracting  horizons,  indicating  a  similar  physical  nature  for  refracting  and  reflecting 
horizons. 

Aeromagnetic  data  (Filatov  &  Krasnov,  1959)  show  few  anomalies  of  interest  from  the 
study  region,  with  generally  long  wavelength,  low  amplitude  variations  indicating 
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Figure  5.  Sonic  log  and  synthetic  seismogram  from  Derro  well  (see  Fig.  2  for  location). 
Velocities  from  final  velocity  model  shown  by  heavy  gray  line  on  same  scale.  Sonic  logs 
from  this  and  several  other  wells  were  used  to  constrain  the  velocity  model.  Note  the 
low-velocity  Upper  Paleozoic  strata  which  are  undetectable  by  refraction  data  alone. 
Seismic  line  PS-289  at  the  tie  with  the  Derro  well  is  shown  for  comparison  to  the 
synthetic  seismogram. 
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Figure  6  (a,  b).  Examples  of  correlations  between  seismic  reflection  data  and  two-way  incidence  reflection  times 
deduced  from  the  velocity  model  (see  Fig.  2  for  location  of  seismic  reflection  lines).  Interfaces  not  corresponding 
to  velocity  changes  are  shown  as  dotted  lines  on  the  velocity  graph.  Uncertain  velocity  interface  positions  shown  as 
long  dashed  lines. 
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Figure  6b. 


sources  at  significant  depths.  Assuming  the  source  of  the  anomalies  to  be  basement  rocks 
then  the  magnetic  data  agree  with  the  observations  of  large  basement  depths  established 
in  the  velocity  model,  with  shallower  sources  in  the  north.  Isolated  patches  of  short 
wavelength,  high  amplitude  magnetic  anomalies  correspond  with  known  basaltic 
outcrops.  Additionally,  gravity  observations  along  the  profile  (BEICIP  1975)  were 
compared  to  the  gravity  signature  of  the  velocity  model,  \vith  each  velocity  layer  assigned 
an  appropriate  density.  In  this  case  also,  the  calculated  and  observed  observations  show 
overall  agreement.  More  analysis  of  gravity  data  is  presented  in  the  next  section. 

The  Final  Velocity  Model 

The  final  velocity  model  that  satisfactorily  fits  all  available  data  is  presented  in  Figure  7a. 
The  velocities  in  some  of  the  layers  change  laterally,  but  layers  have  uniform  velocities  in 
a  vertical  direction.  Well  data  along  the  profile,  superimposed  on  the  velocity  interfaces 
and  their  presumed  stratigraphic  significance,  demonstrate  the  close  semblance  between 
the  model  and  well  data  (Figure  7b). 

However,  despite  direct  evidence  for  the  majority  of  the  model,  a  few  uncertainties 
remain.  For  example,  no  direct  evidence  exists  for  parts  of  some  low  velocity  layers, 
hence  the  exact  position  of  these  horizons  is,  in  places,  uncertain.  It  is  also  not  possible 
to  obtain  exact  measures  of  the  velocities  of  the  low-velocity  zones  in  these  cases  and  so 
parts  of  the  layers  have  been  given  velocities  that  are  interpolations  between  well- 
determined  values.  Additionally,  the  depth  to  basement  in  the  far  south  of  the  model  is 
only  thought  to  be  a  minimum  constraint.  No  refractions  were  observed  in  this  part  of  the 
refraction  profile  at  velocities  considered  typical  of  those  for  metamorphic  basement 
rocks,  either  because  basement  velocities  are  appreciably  slower  in  this  region,  or 
because  the  geophone  spreads  employed  were  too  short  to  sample  refi-actions  firom  the 
apparently  deeper  basement  in  this  region.  The  latter  explanation  is  considered  more 
probable,  therefore  the  depth  to  basement  shown  is  a  minimum  (Figure  7).  Another 
uncertainty  concerns  the  interface  signified  as  top  of  Khanasser  (Lower  Ordovician)  in 
the  north  of  the  model.  The  interface  interpreted  based  on  the  refraction  data  does  not 
correspond  exactly  Avifii  observations  from  the  Jafer  well  (Figure  7b).  Therefore,  the 
refractor  in  this  region  is  labeled  Tnfra-Khanasser’. 

Despite  these  shortcomings,  the  majority  of  the  final  velocity  model  is  based  on  direct 
evidence  from  at  least  one  and,  in  many  cases,  several  sources.  In  general,  the  modeled 
refraction  times  show  excellent  agreement  with  the  observed  arrivals  from  the  refraction 
data.  Four  examples  of  this,  from  various  points  in  the  transect,  are  shovm  in  Figure  8. 
Each  of  the  other  shots,  not  shown  here,  demonstrate  similar  agreement  between  the 
velocity  model  and  the  observed  arrival  times.  •  Given  reasonable  inaccuracies  in  the  fit 
between  observed  and  calculated  refraction  arrivals,  such  as  those  indicated  in  Figure  8, 
the  errors  in  the  bulk  of  the  model  can  be  shown  to  be  relatively  small,  with 

approximately  ±  200  m  error  in  depth  to  most  interfaces  and  less  than  ±0.1  km  s"l  in 
velocities. 

Discussion 

A  model  of  seismic  velocity  down  to  basement  in  eastern  Syria  has  been  constructed 
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from  the  interpretation  of  refraction  data  and  additional  coincident  data  sources  (Figure 
7).  The  model  shows  basement-involved  tectonics  beneath  the  Euphrates  graben  system 
and  the  Abd  el  Aziz  uplift.  The  faulting  is  steeply  dipping  (even  though  the  model  is 
oblique  to  the  dominant  strike  of  the  area),  a  result  supported  by  the  extensive  seismic 
reflection  analysis  of  Litak  et  al.  (1996b).  In  the  area  where  the  refraction  transect 
crosses  the  Euphrates,  Litak  et  al.  (1996b)  reported  that  the  graben  morphology  in  the 
upper  sedimentary  section  is  similar  to  the  ‘classic’  model  of  a  normally-faulted  rift 
system,  more  so  than  elsewhere  along  the  Euphrates.  Our  model  shows  this  style  of 
faulting  persists  to  basement  depth. 

The  model  indicates  that  whilst  increasing  formation  age  generally  causes  increasing 
seismic  velocity,  velocity  is  also  controlled  by  depth  of  burial  and,  more  significantly,  by 
lithology.  These,  and  other  ideas,  are  explored  below  as  each  of  the  velocity  layers,  from 
shallowest  to  deepest,  is  discussed  in  relation  to  its  stratigraphic  significance  and 
relevance  to  regional  tectonics. 

Cenozoic  and  Mesozoic 

The  uppermost  velocity  layer  (2.2  km  s"l),  is  interpreted  as  being  a  superficial  covering 
of  weathered  and  poorly  consolidated  material  underlain  by  more  competent  rocks  of 
various  ages  (3.2  -  3.6  km  s‘l).  Somewhat  deeper  is  a  relatively  high  velocity  (4.7  km 
s"^)  layer  extending  across  the  middle  portion  of  the  model  (Figure  7a).  This  stratum 
hindered  refraction  interpretation  by  acting  as  a  ‘screening  layer’  (as  described  by 
Rosenbaum  1965;  Poley  and  Nooteboom  1966),  preventing  some  seismic  energy  from 
reaching  deeper  interfaces.  However,  enough  energy  was  returned  from  deeper  horizons 
to  permit  meaningful  analysis  (e.g.  Figure  8c).  The  position  of  the  4.7  km  s'^  layer  was 
correlated  with  well  data  (Figures  5  and  7b)  to  a  Middle  Miocene  sequence  of  anhydrites, 
gypsum  and  limestone,  known  locally  as  the  ‘Transition  Zone’  (Sawaf  et  al.  1993). 
Slight  doming  of  this  horizon,  as  well  as  the  underlying  top  of  Cretaceous  interface,  that 
was  not  detected  as  a  refractor  but  which  is  mapped  on  the  basis  of  well  logs  and 
reflection  data,  may  be  due  to  minor  inversion  on  the  north  side  of  the  Euphrates  graben. 
This  inversion  is  probably  the  result  of  the  continued  Cenozoic  collision  between  the 
Arabian  and  Eurasian  plates  along  the  Bitlis  suture  and  Zagros  collision  zone  (Litak  et  al. 
1996b). 

Below  the  Cretaceous,  the  Triassic  layer  (5.1  -  5.4  km/s),  of  predominantly  dolomites  and 
anhydrites,  produces  good  refractions  of  characteristically  high  seismic  velocity.  The 
Triassic  strata  pinch  out  in  the  south  whilst  thinning  slightly  away  from  the  graben 
toward  the  north  (Figure  7b). 

Paleozoic 

The  Upper  Paleozoic  formations  -  Permian,  Carboniferous,  Silurian  (Devonian  is  entirely 
absent)  -  are  grouped  together  on  the  basis  of  their  similar  seismic  velocities  (3.2  -  3.6  km 

s"^)  (Figure  7a).  These  mainly  shale  and  sandy  shale  formations  (Table  1)  show  slight 
thinning  towards  the  north.  The  thinning  is  a  result  of  extensive  erosion  that  took  place 
whilst  northern  Syria  formed  an  intermittent  broad  subaerial  uplift  from  Late  Silurian  to 
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Permian  time  (Sawaf  et  al.  1993).  The  uppermost  Ordovician,  the  Affendi  formation  (5.0 

-5.1  km  s"l),  is  clearly  of  higher  velocity  than  the  overlying  rocks,  presumably  due  to  its 
predominately  sandstone  lithology.  The  Affendi  formation  shows  thiiming  by  around  2 
km  from  south  to  north,  again  possibly  due  to  uplift  in  northern  Syria. 

Below  the  Affendi  formation  is  a  4.0  -  4.2  km  s‘l  layer  corresponding  to  the  shaley  Swab 
formation  of  Early  Ordovician  age  deposited  during  the  Llandeilian  regression  (Husseini 
1990).  Beneath  the  Swab  is  the  lowest  Ordovician  formation,  the  Khanasser,  a 
predominately  quartzitic  sandstone  unit  with  correspondingly  high  seismic  velocity  of  5.5 

-  5.6  km  s‘l.  The  Khanasser  formation,  combined  with  the  Upper  Cambrian  sediments, 
show  a  thickening  of  around  1.7  km  from  south  to  north.  This  observation  corresponds 
with  the  map  of  Husseini  (1989)  that  shows  isopachs  of  these  units  following  the  edge  of 
the  Arabian  plate,  with  thickening  of  the  Upper  Cambrian/Lower  Ordovician  sediments 
away  from  the  center  of  the  Arabian  platform  towards  the  Tethys  Ocean  to  the  northeast. 

Global  sea-level  rise  in  the  Early  to  Mid-Cambrian  caused  the  deposition  of  an  extensive 
carbonate  layer,  the  Mid-Cambrian  Buij  limestone,  throughout  Syria.  Due  to  the  high 
impedance  contrast  with  the  surrounding  clastic  rocks,  this  horizon  forms  a  prominent 
reflection  event  which  is  correlated  across  much  of  the  country  (e.g.  Figure  6b). 
However,  perhaps  because  of  the  limited  thickness  of  this  unit  (<  200  meters),  no 
definitive  refraction  arrivals  are  observed  from  the  Buij  formation.  Thus  reflection  times 
from  seismic  data  have  been  combined  with  the  velocity  model  to  give  an  approximate 
position  of  the  Buij  limestone  within  the  model  (Figure  7b). 

Thinning  of  the  strata  between  the  Burj  limestone  and  basement  rocks  by  more  than  2  km 
from  the  south  to  the  north  is  observed  (Figure  7b).  This  extensive  thickness  of  Lower 
Cambrian  /  Precambrian  elastics  to  the  south  of  the  Euphrates  could  be  a  consequence  of 
pre-Mid-Cambrian  rifting  and  subsidence.  It  is  thought  that  during  the  Early  Cambrian 
(600  -  540  Ma)  the  Arabian  plate  underwent  NW-SE  crustal  extension  (e.g.  Husseini 
1988, 1989;  Cater  &  Tunbridge  1992).  This  rifting  is  evidenced  in  the  extensive  evaporite 
basins  of  Pakistan,  Oman  and  the  Arabian  Gulf  region,  and  rifting  farther  to  the  northwest 
is  possible. 

Seber  et  al.  (1993),  using  similar  refraction  data,  also  established  a  thickened  pre-Mid- 
Cambrian  section  in  south-central  Syria,  as  did  the  gravity  interpretation  of  Best  et  al. 
(1990)  which  showed  the  likelihood  of  thickened  Lower  Paleozoic  /  Precambrian 
sediments  to  the  south  of  the  Palmyrides.  These  observations  could  show  that  the  Early 
Cambrian  rifting  was  extensive  across  southern  Syria  whilst  the  north  of  the  country 
remained  structurally  high. 

An  alternative,  better  supported,  explanation  for  the  thickened  pre-Mid-Cambrian  section 
in  the  south,  could  be  that  the  Euphrates  trend  formed  a  suture  /  shear  zone  caused  by  the 
Proterozoic  accretion  of  the  Arabian  plate.  This  idea  is  expanded  upon  in  the  Precambrian 
discussion  below. 

Overall,  the  thickness  of  the  pre-Mesozoic  sedimentary  section  demonstrated  here  is 
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Figure  9.  (a)  Map  showing  Bouguer  gravity  anomalies  in  southeastern  Syria  across  the  Euphrates  graben  system. 
Bouguer  reduction  density  =  2.53  kg  m-3.  Contour  interval  2  mGal.  (b)  Gravity  model  to  explain  gross  trends  in  gravity 
anomalies.  Gravity  high  to  NE  of  Euphrates  modeled  using  shallower  basement  and  a  reduction  in  crustal  /  upper  mantle 
density  contrast,  (c)  Refinement  of  the  model  in  which  gravity  high  'A'  in  (a)  is  modeled  with  dipping  high-density  body 
in  crust. 


Figure  10.  Map  showing  basement  depths  in  Syria  in  kilometers  below  surface.  Results  from  this 
study  and  previous  refraction  interpretation  of  Seber  et  al.  (1993).  Underlined  data  points  are  from 
selected  deep  well  data.  Shading  represents  locations  of  possible  suture  /  shear  zones. 
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significantly  greater,  by  more  than  3  km  in  places,  than  any  previous  estimates.  These 
observations  have  important  economic  implications  since  extensive  Paleozoic  clastic 
reservoir  rocks  and  source  rocks  are  known  to  exist  in  eastern  Syria  and  elsewhere  in  the 
Middle  East  (e.g.  Husseini  1990).  As  emphasized  in  the  regional  summary  of  Beydoun 
(1991),  Paleozoic  plays  are  likely  to  be  a  significant  factor  in  future  Middle  East 
hydrocarbon  production. 

Precambrian 

Although  no  wells  penetrate  basement  rocks  in  Syria  and  basement  has  not  been 
imambiguously  identified  on  seismic  reflection  sections,  previous  refraction  studies 
(Ginzburg  et  al.  1979;  El -Isa  et  al.  1987;  Seber  et  al.  1993)  have  established  basement 

velocities  to  be  around  6  km  s‘l.  Therefore,  we  assume  the  velocity  layer  of  6  km  s‘l  in 
the  velocity  model  represents  basement  (Figure  7a).  Across  the  Rutbah  uplift  in  the  far 
south  of  the  profile,  basement  depth  is  at  least  8.5  km.  Along  the  southern  margin  of  the 
Euphrates  fault  system  we  have  definitive  refraction  arrivals  that  put  the  basement  at  8 
km  below  surface.  North  of  this  region,  the  basement  deepens  through  faulting  into  the 
deepest  part  of  the  Euphrates  graben  system,  where  basement  depth  is  around  9  km.  To 
the  north  of  the  Euphrates  basement  depth  is  around  6  km. 

Although  previous  investigations  are  consistent  with  these  general  trends  in  basement 
depth  (Lovelock  1984;  Leonov  et  al.  1989;  Best  et  al.  1993),  our  interpretation  generally 
puts  basement  somewhat  deeper  than  the  earlier  suggestions.  This  is  particularly  true  in 
the  Rutbah  uplift  where  the  estimates  of  both  Lovelock  (1984)  and  Leonov  et  al.  (1989) 
suggest  basement  depth  at  least  3  km  shallower  than  the  new  results. 

The  obvious  difference  in  basement  depth  on  either  side  of  the  Euphrates  graben  system 
could  be  evidence  of  a  terrane  boundary  along  the  Euphrates  trend.  The  Arabian  shield 
(Figure  1)  accreted  from  discrete  crustal  blocks  during  the  Late  Proterozoic  (e.g.  Fleck  et 
al.  1980;  Pallister  et  al.  1987;  Stoesser  &  Camp  1985;  Vail  1985)  and  it  is  thought  that 
similar  processes  might  have  formed  the  northern  Arabian  platform.  Zones  of  weakness 
inherited  from  the  accretion  might  control  regional  tectonics  in  the  platform  (e.g. 
Barazangi  et  al.  1993;  Best  et  al.  1993,  Litak  et  al.  1996a),  but  thick  sedimentary  cover 
across  the  region  makes  such  ideas  difficult  to  prove.  The  stark  difference  in  basement 
depth  across  the  Euphrates  could  be  an  indication  of  two  different  crustal  blocks 
accreting  somewhat  to  the  southwest  of  what  is  now  the  Euphrates  graben  system.  This 
accretion  could  have  been  in  the  form  of  a  suture  zone,  a  shear  zone,  or  some 
combination  of  the  two  -  current  data  do  not  allow  the  definition  of  the  precise 
mechanism.  The  possible  accretion  event  in  Syria  would  have  to  be  Proterozoic,  or  very 
early  Phanerozoic,  in  age  since  seismic  reflections  from  the  Mid-Cambrian  Burj 
limestone  (e.g.  Figure  6b)  are  continuous  across  most  of  Syria  (e.g.  Best  et  al.  1993). 

This  accretionary  hypothesis,  previously  implied  by  Best  et  al.  (1993)  and  Sawaf  et  al. 
(1993),  is  also  consistent  with  gravity  investigations.  Bouguer  gravity  observations 
(BEICIP  1975)  show  a  clear  difference  across  the  Euphrates  with  generally  high  gravity 
values  to  the  northeast,  and  lower  values  to  the  southwest  of  the  graben  system  (Figure 
9a).  We  model  a  profile  across  these  observations,  constraining  the  upper  structure  of  the 
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model  in  accordance  with  seismic  reflection  interpretation,  and  changing  the  deep  crustal 
structure  to  obtain  the  best  fit  with  the  gravity  values.  Densities  are  constrained  in  the 
upper  section  by  well  logs  from  the  El  Madabe  and  Thayyem  wells  (Figure  2). 

Figure  9(b)  shows  a  geological  model  that  accounts  for  the  gross  trends  in  the  gravity 
observations.  The  difference  in  gravity  values  on  either  side  of  the  Euphrates  is  modeled 
by  invoking  differences  in  the  density  of  basement  and  lower  crustal  rocks,  and  by 
differences  in  basement  depth  (as  derived  from  our  refraction  modeling).  Even  though 
maximum  basement  depth  to  the  southwest  is  largely  unconstrained,  modeling  the  large 
scale  gravity  anomaly  with  variations  in  basement  depth  alone  is  not  plausible,  and  a 
crustal  density  contrast  is  required.  In  this  model  (Figure  9b)  the  difference  in  crustal 
density  and  basement  depth  on  opposite  sides  of  the  Euphrates  supports  the  suture  /  shear 
zone  hypothesis.  Previous  gravity  models  (e.g.  Best,  Wilburt  &  Watkins  1973;  Gibb  & 
Thomas  1976)  show  that,  in  a  wide  variety  of  settings,  crustal  density  contrasts  are  a 
common  feature  of  suture  zones.  The  Euphrates  graben  is  in  isostatic  equilibrium, 
compensated  by  an  elevated  Moho.  It  is  interesting  to  note  that  the  gravity  observations 
also  tend  to  refute  the  Early  Cambrian  /  Late  Proterozoic  rifling  hypothesis  discussed  in 
the  previous  section.  The  gravity  observations  do  not  support  a  thinning  of  the  crust  to 
the  south,  which  one  would  expect  in  a  rifled  area. 

Further  gravity  modeling  (Figure  9c)  attempts  to  explain  the  local  gravity  high  on  the 
southwest  margin  of  the  Euphrates  (labeled  ‘A’  in  Figure  9a),  which  extends  a 
considerable  distance  into  Iraq  to  the  southeast  (not  shown).  Although  a  basement  high  is 
thought  to  exist  in  this  area  (based  on  seismic  reflections  from  the  Mid-Cambrian  Buij 
reflector),  no  reasonable  uplift  of  the  basement  could  account  for  this  significant  gravity 
anomaly.  The  high  could  be  explained  by  a  dipping,  high-density  mafic  body  extending 
to  Moho  depth  (Figure  9c).  The  location  of  this  gravity  high  also  appears  to  correspond 
with  a  magnetic  anomaly  from  a  deep  source,  perhaps  further  evidence  for  a  mafic  or 
ultramafic  body  at  depth  within  the  crust.  The  dip  of  the  body  shown  in  Figure  9c  is 
fairly  arbitrary,  and  many  variations  of  this  shape  could  be  made  to  fit  the  observations. 
A  similar  high-density  body  was  modeled  by  Hutchinson,  Grow  &  Klitgord  (1983)  as 
part  of  their  gravity  interpretation  of  the  Piedmont  gravity  gradient  along  a  possible 
Appalachian  suture  zone. 

Obviously,  the  gravity  models  presented  here  are  highly  non-unique  (e.g.  Hutchinson  et 
al.  1983).  Constant  ambiguity  exists  between  density  and  structure,  for  example, 
basement  depth  verses  crustal  density  contrast.  However,  our  gravity  modeling  appears 
to  show  that  the  hypothetical  suture  /  shear  zone  across  the  Euphrates  shares  many 
features  in  common  with  other  sutures  documented  elsewhere.  Such  a  zone  along  the 
trend  of  the  Euphrates  graben  could  offer  a  unified  explanation  for  various  tectonic  and 
geophysical  observations  in  the  area.  The  accretionary  hypothesis  lends  considerable 
support  to  the  ideas  of  Best  et  al.  (1990, 1993)  which  were  expanded  upon  by  Litak  et  al. 
(1996a).  These  authors  implied  a  regional  NW-SE  trend  of  weak  zones  beneath  the 
northern  Arabian  platform,  inherited  from  Proterozoic  /  Earliest  Phanerozoic  tectonics, 
amongst  which  is  the  Euphrates  trend. 
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Incorporation  of  our  results  with  those  from  other  workers  leads  to  a  regional  picture  of 
basement  depth  and  trends  across  much  of  Syria.  Figure  10  shows  our  results,  along  with 
basement  depths  derived  using  similar  data  by  Seber  et  al.  (1993),  and  selected  deep  well 
data.  We  see  a  clear  trend  of  deeper  basement  to  the  south  of  the  Palmyrides  and  to  the 
southwest  of  the  Euphrates,  and  shallower  basement  to  the  north.  The  deepest  basement 
is  located  actually  beneath  the  Euphrates  and  Palmyride  structures.  The  locations  of 
possible  suture  /  shear  zones  (modified  from  Best  et  al  1993)  are  also  shown.  Whilst  the 
suture  /  shear  zones  along  the  Euphrates  and  Palmyride  trends  have  now  been 
documented  with  gravity  and  refraction  data,  the  zone  to  the  northeast  remains  untested 
and  is  largely  hypothetical. 


Conclusions 

Basement  depth  and  the  location  of  several  deep  sedimentary  interfaces  are  mapped  from 
the  interpretation  of  seismic  refraction  data  incorporated  with  seismic  reflection  data, 
well  logs  and  potential  field  data.  Thus,  basement  depth  beneath  eastern  Syria  is  found  to 
be  greater,  by  between  1  and  3  km,  than  previously  supposed.  Across  the  Rutbah  uplift 
the  basement  is  at  least  8.5  km  deep,  in  the  Euphrates  depression  it  is  around  9  km,  and  to 
the  north  of  the  Euphrates  basement  is  between  5.5  and  6.5  km  in  depth  (Figure  7). 
Hence,  extensive  thicknesses  of  pre-Mesozoic  rocks  are  documented.  Deeply  penetrating 
faults  are  identified  in  the  Euphrates  graben  system  demonstrating  the  thick-skinned 
tectonic  style  of  this  region.  Incorporation  of  results  from  previous  research  allows  gross 
trends  in  basement  depth  across  Syria  to  be  presented  (Figure  10). 

Clearly  different  basement  depths  on  the  northern  and  southern  sides  of  the  Euphrates 
graben  could  be  evidence  for  the  Late  Proterozoic  accretion  of  the  northern  Arabian 
platform  with  the  Euphrates  fault  system  as  a  suture  /  shear  zone.  This  idea  is  supported 
by  gravity  observations  that  suggest  higher  density  crust  to  the  northeast  of  the  Euphrates 
trend  -  a  common  feature  of  other  suture  zones.  This  leads  support  to  the  speculation  of  a 
system  of  weak  zones  beneath  the  northern  Arabian  platform,  inherited  from  Late 
Proterozoic  /  Early  Cambrian  accretion,  which  continue  to  control  regional  tectonics. 
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D.  AN  INTEGRATED  GEOPHYSICAL  INVESTIGATION  OF  RECENT 

SEISMICITY  IN  THE  AL-HOCEIMA  REGION  OF  NORTH  MOROCCO 

Abstract 

Data  produced  by  the  Moroccan  national  seismological  network  and  marine  seismic 
reflection  profiles  are  used  to  investigate  the  most  seismically  active  region  in  Morocco, 
located  on  the  Mediterranean  coast  at  the  intersection  of  the  Rif  mountain  belt  and  the 
submarine  Alboran  Ridge.  This  region,  in  the  vicinity  of  the  city  of  Al-Hoceima,  marks 
an  east-west  transition  in  the  marine  and  land  deformation  styles  of  the  distributed  plate 
boundary  between  Africa  and  Iberia,  and  was  the  site  of  a  Mw=6.0  earthquake  on  May 
26, 1994. 

The  epicenter  of  the  Al-Hoceima  earthquake  is  relocated  onshore,  refining  the  initial 
submarine  location  close  to  the  Alboran  Ridge.  The  spatial  distribution  of  foreshocks  and 
aftershocks  shows  a  NE-SW  trend  that  continues  partly  offshore  and  is  subparallel  to  the 
earlier,  yet  still  prominent,  Miocene  geologic  structural  trend.  The  predominantly  strike- 
slip  focal  mechanism  for  the  Al-Hoceima  event  is  characteristic  of  earthquakes  in  the 
region.  Marine  seismic  reflection  profiles,  which  intersect  the  offshore  region  of 
seismicity,  image  active  high  angle  faults  with  possible  strike-slip  components.  The 
seismicity  trend  is  not  directly  related  to  the  submarine  Alboran  Ridge  or  the 
geomorphologically  prominent  Nekor  fault.  Deformation  appears  to  be  occurring  on  a 
number  of  subsidiary  strike-slip  faults  that  together  compose  a  NE-SW  zone  of 
distributed  shear. 

The  distributed  strike-slip  and  documented  normal  faulting  taking  place  in  the  eastern  Rif 
mountains,  although  characteristic  of  the  Rif  region,  are  in  contrast  to  the  thrusting  style 
of  deformation  that  occurs  farther  to  the  east  in  the  Algerian  Tell  Atlas.  This  may  be 
related  to  the  reported  lateral  variations  and  evolution  of  the  convergent  plate  boundary  in 
these  regions  during  the  Neogene  and  Quaternary  times. 

Introduction 

The  northerly  expansion  of  the  Moroccan  National  Seismological  Network  in  1993  and 
the  subsequent  Mw  =  6.0  earthquake  on  May  26,  1994  in  the  vicinity  of  the  city  of  Al- 
Hoceima  (Figure  1)  (hereafter  referred  to  as  the  Al-Hoceima  earthquake)  provides  the 
first  opportunity  for  a  detailed  study  of  large-scale  seismic  deformation  occurring  in  the 
Moroccan  portion  of  the  diffuse  plate  boundary  between  Iberia  and  west  Africa.  The  Al- 
Hoceima  region,  situated  on  the  Moroccan  coast  near  the  eastern  termination  of  the  Rif 
mountain  belt  and  the  western  termination  of  the  submarine  Alboran  Ridge,  is 
acknowledged  to  be  the  most  seismically  active  region  in  Morocco  (e.g.,  Cherkaoui, 
1991)  and  has  been  identified  as  key  to  the  understanding  of  the  Moroccan  margin 
(Tessonetfl/.,  1987). 

In  this  paper,  we  give  a  brief  summary  of  the  evolution  of  this  enigmatic,  complex  plate 
boundary  and  the  structure  and  possible  evolution  of  the  Al-Hoceima  region,  and  we 
interpret  the  results  of  the  relocation  of  the  recent  earthquakes  using  digital  data  collected 
by  the  Moroccan  seismological  network  in  both  a  local  and  regional  context.  The 
distribution  of  seismicity  and  its  relationship  to  potentially  seismogenic  structures  is 
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examined,  and  seismic  reflection  profiles  collected  over  the  marine  extensions  of  these 
structures  are  used  to  study  the  geometry  of  faults  at  depth.  A  kinematic  model  is 
proposed  for  the  development  of  the  Al-Hoceima  region.  The  similarities  and  differences 
between  the  Al-Hoceima  earthquake  and  other  large  events  that  have  occurred  on  the 
North  African  margin  are  discussed  as  well  as  the  relationship  of  these  observations  to 
the  geodynamic  models  that  have  been  proposed  for  the  Alboran  region. 

Tectonic  Summary 

The  Alboran  region,  consisting  of  the  Alboran  Sea  and  the  boimding  Rif  and  Betic 
mountain  belts,  represents  the  westernmost  limit  of  the  Alpine  orogenic  belt.  The  region 
has  experienced  a  complex  deformation  history,  and  the  recent  diffuse  seismicity  (e.g., 
see  Figure  lb;  Medina  and  Cherkaoui,  1992;  Seber  et  al,  1996)  testifies  to  its 
continuation  today.  Attempts  to  explain  the  striking  topographic  (Fig.  la),  geological  and 
geophysical  N-S  symmetry  of  the  region  (e.g.,  Seber  et  al,  1996)  and  apparent 
synchronous  subsidence  of  the  Alboran  Sea  basin  and  uplift  of  the  Betic  and  Rif 
mountain  belts  during  the  Miocene  have  lead  to  the  proposal  of  diverse  geodynamic 
models,  including  trapped  microplates  (Andrieux  et  al,  1971),  retreating  subduction 
zones  (Royden,  1993),  mantle  diapirs  (Loomis,  1975),  and  delamination/collapse  (Platt 
and  Vissers,  1989;  Watts  et  al,  1993;  Docherty  and  Banda,  1995;  Seber  et  al,  1996). 

The  Alboran  basin  is  floored  by  thinned  continental  crust  (e.g.,  Hsu  and  Ryan,  1973; 
Comas  et  al,  1995)  with  a  thickness  of  ~17  km  and  is  imderlain  by  anomalous  uppermost 
mantle  (W.G.D.S.S.A.S.,  1978).  The  western  section  has  undergone  significant  amounts 
of  subsidence  with  Neogene  stratigraphic  thicknesses  reaching  7  km  (Comas  et  al,  1992) 
but  exhibits  only  limited  faulting,  and  has  the  geometry  of  a  thermal  sag  basin  (Morley, 
1992).  East  of  approximately  4°  W  the  seafloor  becomes  significantly  more  irregular  due 
to  faulting  and  scattered  Neogene  volcanism  (Tesson  et  al,  1987).  The  dominant 
submarine  feature  is  the  northeast-southwest  trending  Alboran  Ridge  (see  Figure  la). 
Various  models  have  been  proposed  for  the  origin  of  this  relief,  including  uplift  as  a  horst 
block  (Comas  et  al,  1992),  sedimentary  cover  pierced  by  volcanic  intrusions  (Giermann 
et  al,  1964;  Horvarth  and  Berckhemer,  1982)  or  a  transpressive  structure  (Bourgois  et 
al,  1992;  Woodside  and  Maldonado,  1992).  Magmatic  processes  clearly  play  a  role  in 
the  development  of  the  ridge,  its  only  subaerial  exposure  being  the  volcanic  Alboran 
Island  (dated  as  Miocene  (7-18  Ma)  in  age  by  Apericio  et  al  (1991)  (A.I.  on  Figure  1). 

The  Alboran  Sea  is  bounded  on  three  sides  by  the  arcuate  Moroccan  Rif  and  Spanish 
Betic  alpine-style  fold  and  thrust  belts.  The  Rif  can  be  divided  into  three  tectonic  zones, 
the  Internal  Rif,  External  Rif  and  the  Pre-Rif  (Figure  la)  (Choubert  and  Faure-Muret, 
1974).  The  Al-Hoceima  region  is  located  between  the  Jebha  and  Nekor  strike-slip  faults 
(Figure  2a),  two  major  structural  elements  in  the  Rif.  Both  of  these  faults  are  interpreted 
to  have  left-lateral  offsets  of  approximately  50  km  (Leblanc  and  Olivier,  1984;  Olivier, 
1982).  The  Jebha  fault  was  active  from  late  Paleogene  (Oligocene,  possibly  Eocene)  to 
early  Miocene  (Burdigalian),  resulting  in  the  emplacement  of  the  major  Internal  Rif  unit 
(Leblanc  et  al,  1984).  Leblanc  et  al  (1984)  suggested  that  the  Jebha  fault  may  continue 
offshore,  along  the  Alboran  Ridge,  but  such  a  connection  has  not  been  identified  on 
seismic  reflection  data  (Bourgois  et  al.,  1992).  Strike-slip  movement  along  the  Nekor 
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Figure  la.  Map  showing  north  Morocco  and  the  Alboran  region:  Alboran  Island  (A.I.), 
Internal  Rif  (I.  Rif),  External  Rif  (E.  Rif).  Note  the  differences  in  the  seafloor  morphology  of 
the  Alboran  Sea  between  the  regions  east  and  west  of  approximately  4  °  W. 
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Figure  lb.  Seismicity  map  of  Morocco  and  Alboran  region  (1989-1995),  and  stations  of  the 
Moroccan  National  Seismological  Network  (filled  triangles).  Earthquakes  were  located  using 
arrivals  read  from  digital  waveforms  recorded  by  the  network  alone  (circles),  supplemented  by 
USGS  PDE  readings  (squares)  (Seber  et  al.,  1996),  and  reported  in  CNCPRST  Seismological 
Bulletin  (phases  read  from  analog  records)  (diamonds).  The  Rif  and  Atlas  mountain  systems  are 
shaded  (see  Fig.  la). 


fault  in  the  Late  Miocene  (Tortonian)  resulted  in  the  WSW  transport  of  the  Rif  (Leblanc, 
1990).  Further  strike-slip  movement  and  subsequent  thrusting  along  relatively  minor 
faults  resulted  in  the  emplacement  of  the  southern  section  of  the  Internal  Rif  (Bokkoya 
unit)  and  the  Tiziren  nappe  and  Ketama  metamorphic  flysch  units  (Figure  2a)  (Morel, 
1989).  Today  the  Nekor  fault  has  a  pronounced  topographic  expression  (see  Figure  2b), 
but  no  evidence  of  Quaternary  slip  along  the  Boudinar  Basin  section  of  the  fault  has  been 
documented,  and  the  fault  could  not  be  identified  on  seismic  reflection  profiles  that  cross 
its  offshore  projection  (Gensous  et  al,  1986).  Meghraoui  et  al.  (1996)  report  slip  rates  of 
2  mm/yr  on  the  Nekor  and  Jebha  faults;  however,  it  is  not  clear  along  which  sections  of 
the  faults  these  slip  rates  were  determined. 

The  Al-Hoceima  region  is  fractured  by  distributed  NE-SW  to  N-S  striking  high  angle 
faults  that  exhibit  apparent  left-lateral  strike-slip  offsets  and  by  a  conjugate  NW-SE 
oriented  group  of  more  minor  faults  with  apparent  right-lateral  slip  components  (Ait 
Brahim  et  al,  1990;  Fetah  et  al,  1987;  Saadi  et  al,  1984a).  The  lack  of  Plio-Quatemary 
cover  prevents  the  determination  of  an  accurate  date  for  the  most  recent  slip  along  these 
faults,  but  they  do  appear  to  offset  the  fault  bounding  the  Tiziren  and  Ketama  units. 
Quaternary  structures  documented  as  seismically  active  are  the  triangular  Lower  Nekor 
Basin  (Figure  2a),  bounded  to  the  west  by  the  Imzouren  fault  and  to  the  east  by  the 
Trougout  fault,  and  the  N-S  trending  Jebel  Hammam  normal  fault  (Hatzfeld  et  al,  1993). 
These  faults  are  believed  to  have  been  active  since  the  Late  Miocene  (Morel,  1989).  The 
Lower  Nekor  basin  is  filled  with  -400  meters  of  Quaternary  sediments  (Frizon  de 
Lamotte,  1982),  suggesting  relatively  recent  subsidence.  In  contrast,  Ras  Tarf  is  reported 
by  Meghraoui  et  al  (1996)  to  have  been  uplifted  at  an  average  rate  of  2  mm/yr  over  the 
last  500  ka. 

The  structures  visible  in  the  Al-Hoceima  region  today  are  interpreted  to  result  from 
changes  in  the  principal  stress  direction  from  NE-SW  in  the  Tortonian,  to  N-S  at  the 
Tortonian-Messinian  boundary,  to  a  Plio-Quatemary  orientation  of  NNW-SSE  (Ait 
Brahim,  1991;  Medina,  1995).  These  proposed  changes  in  the  paleostress  orientation  are 
thought  to  result  from  variations  in  the  gross  relative  plate  motions  of  Africa  and  Iberia, 
perturbed  by  secondary  processes  (e.g..  Ait  Brahim,  1991).  Plate  reconstructions  by 
Dewey  et  al  (1989)  using  mid-ocean  ridge  magnetic  anomalies  date  a  change  in  the 
motion  of  Afiica  relative  to  Eurasia  from  NNE-SSW  to  NW-SE  in  the  Late  Miocene. 
The  NUVEL-IA  (Demets  et  al,  1994)  plate  motion  model  predicts  continued  NW-SE 
convergence  of  Afiica  and  Eurasia  today  at  a  rate  of  5  nun/yr  when  measured  at  36°N, 
4°W  (center  of  Alboran  Sea). 

Seismological  Observations 

The  earthquake  locations  presented  in  this  paper  were  primarily  determined  using  data 
produced  by  the  Moroccan  national  network.  The  network  coverage  has  continued  to 
expand  since  installation  began  in  1989  with  the  most  recent  additions  being  stations 
PAL  and  TOU  (1993)  and  JBB  (1994)  (Figure  2b)  in  the  Al-Hoceima  region.  The 
network  consists  of  short  period  (1  Hz)  vertical-component  seismometers  linked  by 
radio  and  telephone  lines  to  the  Centre  National  de  Coordination  et  de  Planification  de  la 
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Figure  2a.  Tectonic  map  of  the  Al-Hoceima  region.  Inset  shows  Jebha  and  Nekor  faults.  Internal  Rif  units  are  shaded.  Major  faults 
(black)  were  mapped  from  Thematic  Mapper  Landsat  imagery,  supplemented  with  1:50,000  airphotos,  and  guided  by  geologic  maps 
(l:50,000)(Fetah  et  al.,  1987;  Saadi  et  al.,  1984a, b).  Smaller  faults  (gray)  digitized  from  Asebriy  et  al.  (1993).  A=Prominent  lineament. 
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Figure  2b.  Map  showing  location  of  the  Al-Hoceima  earthquake  (May  26,  1994; 
Mw=6.0),  associated  seismicity  (January  1994-June  1995),  and  Harvard  CMT  focal 
mechanism  (with  dashed  nodal  planes  from  USGS  solution).  Circles  and  squares  denote 
locations  determined  using  digital  and  analog  records,  respectively.  The  symbols  are 
scaled  by  the  number  of  arrivals  contributing  significantly  to  the  location  (NWR  from 
Hypoinverse  (see  Klein,  1978)).  PAL,  TOU,  and  JBB  are  seismological  stations 
(triangles).  Shaded  topography  is  based  on  a  digital  elevation  model  and  bathymetry 
was  digitized  from  the  International  Bathymetric  Chart  of  the  Mediterranean  (I.O.C., 
1981). 
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Recherche  Scientifique  et  Technique  (CNCPRST)  in  Rabat,  where  they  are  recorded  in 
both  analog  and  digital  formats. 


Figure  lb  shows  the  epicenters  of  the  most  recent  earthquakes  (1989-1995),  located  using 
the  data  produced  by  the  network,  supplemented  by  phase  readings  from  the  USGS 
Preliminary  Determination  of  Epicenter  (PDE)  bulletins.  This  map  represents  the  most 
accurate  locations  presently  available  for  earthquakes  in  Morocco.  The  crustal  seismicity 
is  not  confined  to  linear  belts  either  along  the  plate  boundaries  or  in  an  intraplate  setting. 
Significant  levels  of  seismicity  occur  hundreds  of  kilometers  from  the  diffuse  plate 
boimdary  between  Africa  and  Iberia.  The  seismicity  tends  to  follow  topographic  trends, 
with  concentrations  in  the  Atlas,  Betic,  and  Rif  mountains.  However,  significant 
seismicity  is  also  present  in  the  relatively  low-relief  Moroccan  Meseta  and  Pre  Rif 
regions.  Large  events,  such  as  two  Mb  >  5  earthquakes  located  near  the  town  of  Rissani 
(see  Figure  1  for  location  )  on  October  23  and  30,  1992  even  occur  in  what  was 
considered  the  stable  African  platform.  The  map  of  recent  seismicity  (Figure  lb)  is 
dominated  by  relatively  minor  clusters  of  events,  especially  the  sequence  associated  with 
the  1994  Al-Hoceima  earthquake.  The  Al-Hoceima  region  has  historically  been  the  site 
of  large  earthquakes  (Ramdani  et  al,  1989)  and  is  the  most  seismically  active  region  in 
Morocco,  with  the  city  reporting,  on  average,  2  to  3  intensity  V  (MSK)  earthquakes  per 
year  (Cherkaoui,  1991).  In  May  1994,  there  was  a  marked  increase  in  the  seismicity  of 
the  area.  However,  owing  to  the  lack  of  prior  recordings,  this  was  not  interpreted  as 
significant  until  after  the  Mw=6.0  event  on  May  26,  1994.  A  longer  temporal  record  is 
required  before  changes  in  the  level  of  background  seismicity  can  be  taken  as  an 
indication  of  an  impending  large  earthquake.  USGS  PDE  locations  of  the  fore-  and 
aftershocks  delineate  a  broad  NE-SW  trending  zone  of  seismicity  extending  from  the 
Moroccan  coast  to  the  Alboran  Ridge,  with  the  main  shock  located  off  the  coast  of 
Morocco  in  close  proximity  to  the  Alboran  Ridge.  The  ISC  also  located  the  epicenter 
offshore,  approximately  4  km  southwest  of  the  PDE  location.  However,  relocation  of  this 
event  using  arrival  times  from  the  Moroccan  network  (which  did  not  report  to  the  USGS 
at  that  time)  places  the  epicenter  onshore  (35.159°N,  3.955°W  at  4.4  km  depth). 
Resolving  the  ambiguity  in  the  location  of  the  Al-Hoceima  earthquake  and  associated 
shocks,  and  hence  identifying  possible  seismogenic  structures  is  of  importance  not  only 
for  the  hazard  assessment  of  Al-Hoceima,  but  also  for  improved  understanding  of  the 
tectonic  processes  in  this  region. 

The  events  in  the  Al-Hoceima  sequence  (January  1994  -  Jime  1995)  were  relocated  using 
the  data  from  the  Moroccan  network  in  an  effort  to  refine  the  PDE  locations.  P  and  S 
arrivals  were  picked  from  digital,  and,  where  necessary,  analog  records.  In  addition  to 
providing  increased  dynamic  range  and  more  precise  arrival  time  picking,  the  digital 
records  also  allowed  simple  filtering  to  improve  signal  to  noise  ratios  for  small  events. 
These  filters  were  carefully  checked  to  ensure  that  they  did  not  introduce  significant 
phase  shifts  to  the  data.  The  locations  were  determined  using  Hypoinverse  (Klein,  1978) 
(Figure  2b),  utilizing  a  1 -Dimensional  velocity  model  adapted  from  a  model  proposed  by 
Schwarz  and  Wigger  (1988)  on  the  basis  of  seismic  refraction  results. 
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Examination  of  location  errors 

The  earthquake  locations  determined  using  the  Moroccan  national  network,  although 
similar  in  trend  to  USGS  PDE  locations,  have  an  average  displacement  of  10  km  to  the 
SE,  with  the  location  of  the  main  Al-Hoceima  earthquake  displaced  by  20  km  to  the  SE 
(Figure  3).  The  presence  of  nearby  stations  PAL,  TOU,  and  JBB  (Note:  JBB  only 
became  operational  on  10/94)  (Figure  2b),  renders  the  locations  determined  using  the 
Moroccan  network  data  relatively  stable  with  respect  to  velocity  models.  To  examine  the 
sensitivity  of  the  locations  to  the  velocity  model,  the  earthquakes  were  relocated  using  a 
number  of  simple  three  layer  models  (Layer  1:  0  to  5±2.5  km,  5.0  km/s;  Layer  2;  5±2.5  to 
30±5  km,  6.0  km/s;  Layer  3:  30±5km,  8.0  km/s),  derived  from  refraction  studies  in  the 
Alboran  region  (Hatzfeld  and  Ben  Sari,  1977;  Ben  Sari,  1987;  Tadili  et  al,  1986; 
Ramdani  and  Tadili,  1988;  Wigger  et  al,  1992).  Maximum  shifts  in  the  mean  epicenter 
of  4  km  and  in  the  main  shock  epicenter  of  6  km  were  obtained  relative  to  the  locations 
determined  using  the  velocity  model  adapted  from  Schwarz  and  Wigger,  with  increased 
average  RMS  and  standard  horizontal  and  vertical  errors.  The  velocity  structure  of  the 
Alboran  and  Rif  region  is  acknowledged  to  be  heterogeneous  (e.g.,  Blanco  and  Spakman, 
1993;  Seber  et  al,  1996),  with  the  Rifian  crust  thinning  rapidly  into  the  Alboran  basin 
(W.G.D.S.S.A.S.,  1978),  and  with  zones  of  low  velocity  and  high  attenuation  in  the  crust 
and  uppermost  mantle  beneath  the  Rif  region  (Seber  et  al,  1996).  The  average  travel 
time  residual  for  stations  recording  the  Al-Hoceima  sequence  are  all  within  one  standard 
deviation  of  zero  suggesting  that  there  are  no  significant  velocity  variations  across  the 
Moroccan  network  relative  to  the  1-D  velocity  model  used  for  the  locations.  The 
majority  of  stations  used  for  the  PDE  locations  are  situated  on  the  Spanish  mainland  on 
the  opposite  side  of  the  Alboran  Sea;  the  closest  PDE  station  is  situated  90  km  away  in 
the  Spanish  enclave  of  Mellila  (See  Figure  la  for  location).  In  contrast,  over  85%  of  the 
locations  reported  in  this  study  were  determined  using  stations  PAL  and  TOU  with 
average  station-epicenter  separations  of  13  km  and  37  km,  respectively.  Given  the  above 
facts,  and  from  discussions  with  USGS  seismologists  (S.  Koyanagi,  USGS/NEIC, 
personal  communication),  we  believe  that  the  location  of  the  Al-Hoceima  sequence  in  an 
area  of  anomalous  velocities,  coupled  with  a  relative  dearth  of  seismic  stations  on  the 
African  continent  for  good  azimuthal  control,  has  lead  to  a  systematic  offset  in  the  PDE 
locations.  Unfortvmately,  owing  to  absolute  timing  problems,  the  digital  readings  from 
the  Moroccan  network  during  the  Al-Hoceima  earthquake  sequence  are  an  independent 
dataset.  They  cannot  be  merged  with  readings  from  surroxmding  countries  to  improve  the 
available  azimuthal  coverage. 

The  effect  of  the  distribution  of  Moroccan  stations  must  also  be  considered.  The  majority 
of  the  stations  are  situated  to  the  south  of  the  Al-Hoceima  region,  and  the  smaller  events 
are  only  recorded  by  a  limited  number  of  stations  resulting  in  an  average  azimuthal  gap  in 
station  coverage  of  200  degrees.  A  particular  concern  is  whether  secondary  RMS  travel 
time  residual  (hereafter  referred  to  simply  as  RMS)  minima  could  exist  that  would  not  be 
identified  by  conventional  inversion  methods,  resulting  in  an  inaccurate  standard  error 
estimate,  and  potentially  in  a  mislocation  of  the  event.  It  is  also  important  to  understand 
the  nature  of  the  trade-off  between  depth  and  epicentral  location. 
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A  grid-search  method  was  implemented  to  study  these  aspects.  Hypoinverse  was 
modified  to  minimize  the  RMS  by  adjusting  only  the  origin  time  while  keeping  the  trial 
earthquake  location  fixed  in  space.  Minimiun  RMS  values  for  a  given  set  of  arrival  time 
data  were  then  determined  for  trial  locations  placed  on  a  3 -dimensional  grid  with  a 
horizontal  interval  of  0.01°  and  depth  intervals  of  1.5  km  to  a  maximum  depth  of  18  km, 
yielding  a  3-dimensional  matrix  of  RMS  values.  Following  the  method  described  by 
Sambridge  and  Kennett  (1986),  these  RMS  values  were  scaled  by  introducing  a  fimction 
O  defined  by 


. . [RMS(  h)-RMS(  ho)] 

0(h)  =  (n-  4) - 

^  ^  ^  RMS(  ho) 

where  RMS  (ho)  is  the  minimum  RMS  corresponding  to  the  solution  hypocentral 
parameters  (ho),  RMS(h)  is  the  RMS  corresponding  to  a  trial  set  of  hypocentral 
parameters  (h),  and  n  is  the  number  of  degrees  of  freedom  (discussed  below).  Surfaces 
of  constant  <l)(h)  are  taken  to  represent  surfaces  of  constant  confidence.  The  value  of 
0(h)  that  corresponds  to  the  95%  confidence  surface  is  determined  using  a  chi-squared 
distribution.  The  values  of  h  that  fall  within  the  95%  region  satisfy 

O(h)<;}fJ(0.95) 

The  correct  value  to  choose  for  the  number  of  degrees  of  freedom  (n)  in  equation  (1)  is 
not  immediately  clear.  Sambridge  and  Kennett  (1986)  set  n  equal  to  the  number  of 
observed  arrival  times.  However,  tests  conducted  by  adding  random  noise  (evenly 
distributed  within  ±0.5  sec  for  P  and  ±  Tsec  for  S)  to  synthetic  arrival  times  suggest  that 
this  results  in  an  overly  conservative  estimate  of  the  95%  confidence  region  for  these 
data.  The  overestimation  may  be  occurring  because  the  RMS  calculated  by  Hypoinverse 
is  weighted  using  4  parameters;  observer  defined  quality  of  arrival,  magnitude  of  the 
travel  time  residual,  station-epicenter  separation,  and  whether  the  arrival  is  P  or  S  (weight 
is  lowered  if  the  arrival  is  an  S).  This  weighting  results  in  considerable  flattening  of  the 
variation  in  RMS  with  trial  hypocenter  location  and  is  modeled  as  introducing  additional 
degrees  of  fi:eedom.  It  was  found  that  setting  n  equal  to  twice  the  number  of  arrivals 
produced  confidence  contours  that  provided  a  good  fit  to  the  distribution  of  synthetic 
locations.  Figure  4  shows  the  result  of  applying  this  method  to  the  well  constrained  Al- 
Hoceima  earthquake  (15  P  and  3  S  arrivals)  and  a  poorly  constrained  (4  P  and  3  S) 
aftershock  recorded  on  June  2,  1994.  Figure  4a  illustrates  that  large  events  recorded  by 
many  stations  have  elliptical  confidence  contours,  but  the  epicentral  location  is 
reasonably  well  constrained.  Figure  4b  shows  that  smaller,  poorly  constrained  events 
have  elongate  confidence  contours  and  may  even  have  multiple  minima.  The  95%  region 
calculated  by  Hypoinverse  is  in  agreement  with  the  synthetic  data  for  events  located 
using  a  large  numbers  of  arrivals.  However,  for  poorly  constrained  events  Hypoinverse 
overestimates  the  location  accuracy.  The  horizontal  and  vertical  standard  errors  are 
calculated  using  a  combination  of  both  an  assumed  reading  precision  of  ±0.05  seconds 
and  the  RMS  residual  (see  Klein,  1978).  Both  events  exhibit  a  similar  depth/surface 
location  trade-off  with  depth  increasing  towards  the  NE.  Synthetics  were  also  used  to 
investigate  the  sensitivity  of  locations  to  S  picks.  Unsurprisingly,  S  picks  for  the  close 
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stations  have  the  most  significant  effect  on  location.  We  are  confident  that  the  S  wave 
picks  made  at  near  stations  are  true  S  wave  arrivals  and  not  converted  phases. 

The  fact  that  the  seismicity  distribution  and  the  direction  of  maximum  epicentral 
uncertainty,  especially  for  poorly  located  events,  are  both  approximately  NE-SW  is 
certainly  a  cause  for  concern.  However,  the  location  of  larger  events  recorded  by  many 
stations  defines  a  NE-SW  trend,  and  furthermore  the  USGS  locations  determined  using 
phase  readings  from  different  stations  with  a  different  geometry  also  have  an  underlying 
NE-SW  trend.  Therefore,  we  interpret  this  trend  to  be  real  and  not  an  artifact  of  the 
station  distribution. 

Seismicity  of  the  Al-Hoceima  region 

The  earthquake  locations  for  the  period  January,  1994  to  June  1995  (Figure  2b)  have  a 
general  NE-SW  trend  and  extend  over  30  km  with  significant  seismicity  occurring 
offshore.  There  is  no  obvious  temporal  trend  in  the  location  of  the  earthquakes. 
Seismicity  is  concentrated  immediately  to  the  northwest  of  the  NE-SW  striking  thrust 
separating  the  Tiziren  and  Ketama  units  (Figure  2a),  becoming  increasingly  diffuse 
farther  to  the  NW.  Both  the  Harvard  (Dziewonski  et  al,  1995)  and  NEIC  moment 
tensors  determined  for  the  main  event  (Figure  2b)  indicate  predominantly  strike-slip 
movement  with  high  angle  NNE-SSW  oriented  sinistral,  and  ESE-WNW  oriented  dextral 
nodal  planes.  The  impulsive  first  motions  recorded  by  the  Moroccan  network  and 
reported  by  the  ISC  are  in  general  agreement  with  those  predicted  by  these  focal 
mechanisms. 

Figure  5  shows  the  seismicity  distribution  in  three  dimensions  and  standard 
location  errors  ERH  and  ERZ  calculated  by  Hypoinverse.  The  block  faces  show 
projections  of  the  events  onto  N-S  and  E-W  oriented  planes.  The  lower  panels  show 
projections  of  the  seismicity  and  main  shock  Harvard  focal  mechanism  onto  NW-SE 
(perpendicular  to  trend  of  seismicity)  and  NE-SW  (parallel  to  trend  of  seismicity) 
oriented  cross  sections.  The  seismicity  distribution  is  diffuse  and  does  not  contain  any 
obvious  planar  features  that  might  be  interpreted  as  a  fault  plane.  The  NE-SW  trend 
visible  in  map  view  is  found  to  be  related  to  a  dipping  pipe-type  geometry  when 
examined  in  3  dimensions.  Aside  from  a  concentration  of  shallow  events  in  Al-Hoceima 
bay,  the  distribution  appears  to  be  essentially  linear,  dipping  towards  the  NE  at  an  angle 
of  30°  to  a  maximum  depth  of  15  km.  Although  it  is  tempting  to  overinterpret  this 
distribution,  we  do  not  believe  that  there  are  a  large  enough  number  of  well-located 
events  to  be  confident  that  details  of  this  depth  distribution  are  well-constrained. 
However,  we  are  confident  that  the  seismicity  has  a  NE-SW  trend  and  is  limited  to  the 
upper  20  km  of  the  crust. 

A  NNE-SSW  oriented  fault  plane  is  preferred  based  on  the  seismicity  distribution  and 
strike  of  surface  faulting  in  the  area  (Figure  2a).  A  particularly  prominent  lineament 
visible  on  Thematic  Mapper  imagery  and  airphotos  (marked  by  A  on  Figure  2a) 
apparently  offsets  the  thrust  boimding  the  Tiziren  and  Ketama  units  in  the  region  of  the 
Al-Hoceima  earthquake  and  the  greatest  concentration  of  epicenters.  This  lineament  has 
been  interpreted  as  a  left-lateral  strike-slip  fault  by  Ait  Brahim  (1991). 
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Figure  3.  Comparison  of  USGS  PDE  locations  to  those  determined  using  the  Moroccan 
network.  USGS  locations  are  grouped  by  quality  of  azimuthal  control  into  earthquakes 
recorded  at:  Teleseismic  distances:  (1)  Al-Hoceima  earthquake  and  (2)  Largest  aftershock 
(June  3,  Mb=4.6)  (stars),  regional  distances  with  two  or  more  stations  to  the  south  of 
epicenter  (octagon),  and  less  than  two  stations  to  the  south  (squares).  Mean  vector  for 
displacement  of  locations  determined  in  this  study  relative  to  the  PDE  locations  is  shown. 
The  apparent  offset  of  the  two  distributions  may  be  related  to  the  anomalous  seismic 
velocities  in  the  region  and  to  the  limited  station  coverage  available  for  the  PDE  locations. 
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Figure  4.  Results  of  applying  a  grid  search  method  to  the  main  Al-Hoceima  earthquake  (15 
P  and  3  S  arrivals)  and  to  a  poorly  constrained  (4  P  and  3  S)  aftershock  recorded  on  June  2, 
1994.  Figures  4a  and  4b  shovi^  contours  of  the  75%  ,95%  (bold),  99%,  and  99.9%  confidence 
regions  for  the  epicenter  based  on  the  grid  search.  The  dashed  circle  represents  the  95% 
confidence  region  for  the  epicenter  calculated  by  Hypoinverse.  500  relocations  of  a  synthetic 
event  at  same  location  with  random  noise  added  to  the  arrival  times  (gray  circles)  give  a 
further  indication  of  the  spread  in  possible  locations.  Figures  4c  and  4d  show  contours  of  the 
best  fit  depth  for  a  given  trial  epicentral  location.  The  asterisk  marks  the  earthquake  location 
determined  using  the  grid  search.  Large  events  are  well  constrained  with  elliptical 
confidence  contours.  Smaller  events  can  be  poorly  constrained  with  elongate  NE-SW 
trending  minima  owing  to  sparse  station  coverage. 
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Figure  5.  Three-dimensional  distribution  of  Al-Hoceima  earthquakes.  The  upper  surface  of 
the  block  shows  the  epicentral  positions  and  the  Harvard  CMT  focal  mechanism  (Dziewonski 
et  al.,  1995)  for  the  main  Al-Hoceima  earthquake  (lower  hemisphere).  The  block  faces  show 
N-S  and  E-W  projections  of  hypocenters.  The  lower  panels  show  hypocenters  and  focal 
mechanism  (back  hemisphere)  projected  onto  planes  (1)  perpendicular  and  (2)  parallel  to 
trend  of  seismicity.  The  preferred  fault  plane  is  marked  by  bold  nodal  plane.  Star  marks  the 
hypocentral  location  determined  for  the  main  shock.  Error  bars  are  ERH  and  ERZ  standard 
errors  determined  by  the  Hypoinverse  location  program  (Klein,  1978). 
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Analysis  of  Marine  Seismic  Reflection  Profiles 

The  continuation  of  the  seismicity  sequence  offshore,  into  the  vicinity  of  an  oil  industry 
seismic  reflection  survey  (Figure  6),  allows  us  to  map  the  major  marine  structures  in  the 
region  of  seismicity  and  assess  their  present  activity  and  relationship  to  onshore 
structures.  The  Moroccan  National  Oil  Company  (ONAREP)  kindly  provided  a  dense 
grid  of  migrated  seismic  reflection  lines,  supplemented  by  a  more  regional  network  of 
unmigrated  lines  for  this  study. 

As  onshore,  the  submarine  area  is  structurally  complex  with  a  dominant  group  of  NE-SW 
trending  structures  intersected  by  more  northerly  trending  structures.  The  NE-SW 
oriented  structures  consist  of  an  asymmetric  elongate  basin  (termed  the  Bokkoya  basin) 
bounded  by  the  Bokkoya  imit  to  the  south  and  the  Alboran  Ridge  to  the  north.  This  basin 
terminates  to  the  east  in  a  region  of  N-S  trending  block  faulting  associated  with  the 
Lower  Nekor  basin.  Ties  to  the  El  Jebha-1  well  (Figure  6)  and  the  correlation  of  the 
seismic  character  of  reflectors  with  those  accurately  dated  in  other  parts  of  the  Alboran 
Sea  (Alonso  and  Maldonado,  1992;  Campillo  et  al,  1992;  Jurado  and  Comas,  1992; 
Rodriguez  Fernandez  and  Sanz  de  Galdeano,  1992)  allow  the  identification  of  the  strong 
reflector  marking  the  base  of  coherent  reflectivity  (e.g.,  Figure  7)  as  the  Messinian 
vmconformity,  in  agreement  with  the  interpretation  made  by  Bourgois  et  al.  (1992).  This 
imconformity  has  been  recognized  throughout  the  Alboran  basin  and  is  believed  to  result 
from  the  evaporation  of  the  Mediterranean  during  the  Latest  Miocene  (Messinian  salinity 
crisis)  (Hsii  et  al,  1973).  The  existence  of  an  unconformity  in  this  region  between  the 
Miocene  and  Pliocene  is  confirmed  by  stratigraphic  contacts  in  the  Boudinar  basin 
(Guillemin  and  Houzay,  1982).  The  basin  sediments  consist  of  a  seismically  semi¬ 
transparent  Pliocene  xmit,  and  a  highly  reflective  Quaternary  section. 

Line  36  (Figure  7)  provides  a  representative  cross  section  across  the  NE-SW  trending 
structures,  extending  fi-om  Al-Hoceima  bay  to  the  Alboran  Ridge.  Plio-Quatemary 
sediments  are  relatively  thin  inside  the  bay,  and  have  been  deformed  by  movement  along 
high  angle  faults.  The  edge  of  the  bay  is  marked  by  an  apparent  seabed  offset  and  an 
acoustic  basement  high  interpreted  as  the  marine  extension  of  the  Bokkoya  unit  by 
Gensous  et  al.  (1986)  and  Tesson  et  al.  (1987)  using  high  resolution  seismic  reflection 
profiles.  The  geometry  of  the  fault  causing  this  seabed  offset  is  ambiguous  owing  to  lack 
of  reflectivity  below  the  Messinian  unconformity  and  the  relatively  large  line  spacing 
when  compared  to  the  scale  of  deformation  seen  onshore.  Adjacent  lines  (34,  38,  and  40) 
do  not  show  seabed  offsets  but  faulting  appears  to  be  traceable  to  Line  40,  where  normal 
offsets  of  the  acoustic  basement  on  a  high  angle  fault  are  clearly  imaged.  A  change  in 
seafloor  gradient  and  apparent  drag  folding  along  this  fault  suggest  that  this  fault  may 
have  been  reactivated  as  a  reverse  fault.  Normal  and  reverse  movement  may  represent 
scissoring  along  strike,  which  would  imply  strike-slip  movement. 

The  Bokkoya  basin  floor  is  faulted,  with  the  lowermost  Pliocene  reflectors  onlapping 
Messinian  topography.  The  Pliocene  and  Lower  Quaternary  units  are  clearly  folded 
above  these  faults,  suggesting  post  depositional  reactivation  of  reverse  slip  on  these  faults 
in  Quaternary  time.  The  NW  boundary  of  the  basin  with  the  Tofino  bank  section  of  the 
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Alboran  Ridge  differs  significantly  from  its  SE  continental  boimdary.  Mid  Pliocene  and 
older  sediments  are  rotated,  and  Upper  Pliocene  and  yoimger  sediments  thin  significantly 
onto  the  ridge  flank,  suggesting  progressive  uplift  of  the  Tofmo  bank  relative  to  the  basin 
center  since  the  Late  Pliocene.  Truncation  of  the  Pliocene  units  by  the  sea  bed  and  the 
lack  of  similar  truncations  on  the  SE  flank  implies  uplift  of  the  Tofmo  bank  during  the 
Quaternary  as  opposed  to  accelerated  subsidence  of  the  basin.  The  fact  that  the  youngest 
dated  volcanism  in  the  region  is  Miocene  in  age  (e.g.,  Bellon  and  Brousse,  1977)  and  that 
the  bank  does  not  coincide  with  a  gravity  anomaly  that  could  be  considered  indicative  of 
diapirism,  suggests  that  the  uplift  is  tectonic  in  nature.  Although  no  faults  appear  to 
offset  the  sediments  draped  on  the  SE  flank  of  the  bank,  the  Messinian  unconformity 
appears  to  terminate  on  the  bank’s  NW  flank  suggesting  the  presence  of  a  bounding  fault. 
The  fault  itself  is  not  imaged,  possibly  owing  to  its  steep  dip,  a  lack  of  sufficient 
impedance  contrast,  or  scattering  of  seismic  energy  by  overlying  Miocene  volcanic 
structures.  This  uplift  is  not  limited  solely  to  the  Tofino  bank;  similar  structures  related 
to  Quaternary  uplift  are  imaged  along  the  entire  length  of  the  Alboran  ridge  in  this  region. 
The  observations  support  the  interpretation  that  the  uplift  of  Alboran  Ridge  results  from 
compressive  tectonics,  as  proposed  by  Bourgois  et  al.  (1992)  and  Woodside  and 
Maldonado  (1992). 

Line  29  (Figure  8),  oriented  perpendicular  to  Line  36,  illustrates  the  significantly 
different  fault  controlled  structure  exhibited  by  the  Lower  Nekor  basin.  The  sea  floor  is 
relatively  flat  but  the  sedimentary  layering  is  deformed,  tilted,  and  affected  by  channel 
deposits.  The  Trougout  fault  (Figure  2a)  may  be  traced  off  the  coast  but  an  offshore 
expression  of  the  Imzouren  fault  cannot  be  identified.  The  lower  Nekor  basin  has  a 
graben  structure  with  high  angle  normal  faults  dipping  to  the  west  on  its  eastern  side  and 
to  the  east  dipping  towards  the  western  edge.  These  observations  of  distributed  faulting 
are  in  agreement  with  results  from  water  wells  drilled  in  the  graben  floor  that  show 
approximately  400m  of  Quaternary  fill  overlying  a  faulted  Ketama  unit  (Medina,  1995 
from  Thauvin,  1971),  The  faults  have  a  generally  north-south  strike  and  the  orientations 
shown  on  Figure  6  are  probably  close  to  their  true  strikes  but  it  is  possible  that  the  faults 
in  the  center  of  the  bay  have  a  NNE-SSW  strike  as  opposed  to  the  NNW-SSW  strike 
shown. 

The  seismic  reflection  profiles  provide  further  evidence  of  the  distributed  nature  of 
deformation  in  the  region.  No  single  master  fault  can  be  identified;  rather,  deformation  is 
occurring  along  a  number  of  smaller  high  angle  faults  that  may  have  strike-slip 
components. 

Discussion 

Seismological  observations  provide  a  snapshot  of  the  deformation  occurring  today  in  the 
Al-Hoceima  region.  Analysis  of  the  seismic  reflection  profiles  allows  us  to  identify 
active  structures,  investigate  their  geometry,  and  examine  their  recent  history  from  a 
regional  perspective. 

Analysis  of  the  recent  earthquake  sequence  in  the  Al-Hoceima  region  shows  that  these 
events  are  not  directly  related  to  either  the  geomorphically  prominent  Nekor  fault  or  the 
submarine  Alboran  Ridge  but  occurred  over  an  apparently  diffuse  NE-SW  zone 
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Figure  6.  Map  showing  bathymetry  and  marine  seismic  reflection  profiles  examined 
for  this  study.  The  marine  faults  were  mapped  using  the  profiles  shown.  Lines  36  and 
29  (highlighted)  are  shown  in  Figures  7  and  8,  respectively. 
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Figure  7.  Migrated  seismic  reflection  profile,  Line  36,  and  interpretation  across  Bokkoya  basin  and  Alboran  Ridge  (see 
Figure  6  for  location).  Note  the  seabed  offset  and  deformation  of  Quaternary  basin  sediments  by  uplift  of  the  ridge. 


intersecting  the  marine  extension  of  the  Lower  Nekor  basin,  and  surface  exposure  of  the 
Ketama,  Tiziren,  and  Bokkoya  tectonic  units  (Figures.  2a, b).  Distributed  seismic 
deformation  in  the  Al-Hoceima  region  was  identified  in  the  microearthquake  study 
conducted  by  Hatzfeld  et  al.  (1993).  However,  the  majority  of  the  microearthquakes 
located  by  Hatzfeld  et  al.  were  in  close  proximity  to  the  Lower  Nekor  basin,  and  Jebel 
Hammam  fault.  This  study  and  the  results  reported  by  Hatzfeld  et  al.  (1993)  together 
document  the  distributed  nature  of  seismic  deformation  in  the  Al-Hoceima  region. 

The  fault  plane  orientations  for  the  main  Al-Hoceima  earthquake  of  May  26,  1994  are 
similar  to  those  determined  for  both  micro-  and  medium  size  earthquakes  located  in  the 
region  (Hatzfeld,  1978;  Medina  et  al.,  1992;  Hatzfeld  et  al.,  1993;  Medina,  1995)  (Figure 
9).  Both  the  larger  and  microearthquake  events  have  focal  mechanisms  that  indicate 
similar  strike-slip  faulting,  with  the  majority  of  focal  mechanisms  having  NNE-SSW  to 
NNW-SSE  oriented  sinistral  and  ENE-WSW  to  ESE-WNW  oriented  dextral  nodal 
planes.  Rose  diagrams  (Figure  9)  of  the  P  and  T  axis  orientations  for  all  the  focal 
mechanisms  reported  by  Hatzfeld  et  al.  (1993)  in  addition  to  those  shown  in  Figure  9 
illustrate  the  dominant  trend  of  the  P  and  T  axis  orientations.  These  focal  mechanisms 
have  a  seismic  consistency,  Cs,  (Frohlich  and  Apperson,  1992)  of  0.73,  suggesting  a  good 
consistency  for  these  fault  plane  solutions.  Seismicity  in  the  region  appears  to  be 
characterized  by  a  diffuse  pattern  and  have  a  characteristic  strike-slip  fault  plane  solution. 
This  suggests  that  the  distributed  system  of  high  angle  NNE-SSW  oriented  sinistral 
surface  faults  mapped  in  the  region  may  be  active  and  represent  the  surface  geological 
expression  of  this  seismogenic  deformation. 

Analysis  of  the  offshore  seismic  reflection  profiles  indicates  that  the  Bokkoya  and  Lower 
Nekor  basins  are  cut  by  high  angle  NNW-SSE  to  NNE-SSW  striking  faults.  Whether 
these  faults  also  cut  the  Alboran  Ridge  is  equivocal.  Identifying  the  strike-slip 
component  of  slip  along  faults  is  inherently  difficult  using  two-dimensional  seismic 
reflection  profiles.  High  angle  faults  with  normal  offsets  are  imaged  in  Al-Hoceima  bay, 
and  possible  strike-slip  indicators  (scissoring)  are  observed.  Given  the  strike-slip  focal 
mechanisms  determined  for  earthquakes  in  this  area,  it  seems  likely  that  these  faults  may 
have  a  strike-slip  component.  The  Alboran  Ridge  is  also  tectonically  active,  with  slip 
occurring  on  high  angle  faults.  However,  in  contrast  to  the  normal  offset  of  faults  in  the 
Lower  Nekor  basin,  these  faults  exhibit  a  reverse  component  of  slip.  Strike-slip 
components  of  slip  along  faults  bounding  the  ridge  have  been  proposed  (e.g.,  Woodside 
and  Maldonado,  1992;  Bourgois  et  al.,  1992).  The  faults  identified  as  recently  active 
appear  to  form  two  orientation  dependent  groups:  (1)  Distributed  NNE-SSW  striking 
faults  exhibiting  a  left  lateral  sense  of  slip  with  a  small  normal  component,  and  (2)  NW- 
SE  striking  faults  exhibiting  reverse  slip  with  possible  strike-slip  components.  Analysis 
of  the  seismological  and  seismic  reflection  data  suggests  that  deformation  in  the  Al- 
Hoceima  region  today  is  occurring  along  high  angle  faults  and  is  predominantly  strike- 
slip,  with  normal  or  reverse  components  depending  on  the  orientation  of  the  fault. 

Subsidiary  synthetic  and  antithetic  strike-slip  faults  are  often  associated  with  major 
strike-slip  faults  (e.g.,  Sylvester,  1988).  The  NNE-SSW  oriented  faulting  has  a  similar 
strike  and  sense  of  shear  to  that  expected  for  a  synthetic  fault  related  to  movement  along 
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basement  and  deformed  Quaternary  sediments. 


Figure  9.  Focal  Mechanisms  of  earthquakes  (Mb  >  2.5, 1968-1994)  in  the  Al-Hoceima  region 
(after  Hatzfeld,  1978;  Medina  and  Cherkaoui,  1992;  Hatzfeld  et  al.,  1993;  Medina,  1995)  and 
rose  diagrams  of  P  and  T  axes  orientations  for  focal  mechanisms  determined  in  the  region  (49 
events).  Earthquakes  are  distributed  and  predominantly  strike-slip  with  consistent  P  and  T 
axes  orientations. 
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Figure  10.  Zones  of  recent  seismicity  and  model  proposing  that  strike-slip  movement  along  the 
Jebha  and  Alboran  Ridge  bounding  faults  has  resulted  in  the  formation  of  distributed  synthetic 
strike-slip  faults  along  which  seismic  deformation  is  now  occurring.  Large  black  and  white 
arrows  indicate  present  si  and  s3  directions  determined  by  Medina  (1995).  Upper  Inset;  Focal 
Mechanisms  of  major  earthquakes  on  the  NW  African  margin  and  Neotectonic  faults  (adapted 
from  Meghraoui  et  al.,  1996):  (1)  Rif  1 1.15.64  (Medina  et  al.,  1992),  (2)  Al-Hoceima  05.26.94 
(Harvard),  (3)  Mascara  08.18.94  (Harvard),  (4)  El  Asnam  10.10.80  (Deschamps  et  al.,  1982),  (5) 
El  Asnam  09.09.54  (McKenzie,  1972),and  (6)  Cherchell-Tifaza  10.29.89  (USGS).  Black  arrows 
show  present  plate  convergence  directions  predicted  by  NUVEL-1 A  plate  motion  model  (Demets 
etal.,  1994).  Lower  inset:  Strike-slip  zone  related  fault  orientations  (adapted  from  Sylvester  and 
Smith,  1976). 
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the  Jebha  and  Nekor  faults  and  the  Alboran  Ridge  bounding  fault  (Figure  10,  lower 
inset).  Strike-slip  movement  along  these  major  faults  during  the  Neogene  and 
Quaternary  time,  although  not  synchronous,  may  have  resulted  in  distributed  fracturing  of 
the  intervening  region  along  this  preferred  orientation.  The  present  NNW-SSE 
orientation  of  the  principal  stress  (Medina,  1995)  and  the  relative  weakness  of  this  zone, 
may  account  for  the  concentration  of  earthquakes  in  the  region,  with  slip  occurring 
preferentially  along  the  subsidiary  faults,  and  the  relative  inactivity  of  the  major  tectonic 
struchires.  An  intriguing,  but  improven,  alternative  hypothesis  is  that  strike-slip 
movement  is  occurring  along  the  northeastern  section  of  the  Alboran  Ridge  and  is  being 
transferred  through  the  fractmed  Al-Hoceima  region  onto  the  south-western  section  of 
the  Nekor  fault,  resulting  in  the  subsidence  of  the  lower  Nekor  basin  as  a  pull-apart  basin. 
Such  a  geometry  would  allow  strike-slip  movement  to  occur  along  the  ridge  fault  and  the 
southern  section  of  the  Nekor  fault,  without  slip  occurring  along  the  Boudinar  basin 
section  (see  Figure  2a)  and  offshore  extensions  of  the  Nekor  and  Jebha  faults.  Whether 
the  absence  of  documented  seismicity  along  the  ridge  or  Nekor  faults  is  a  result  of 
aseismic  slip,  an  incomplete  record,  or  a  locking  of  the  faults  with  an  associated 
accumulation  of  strain  is  an  important  question  that  requires  further  study. 

The  strike-slip  seismic  deformation  taking  place  in  the  Al-Hoceima  region  characterizes 
the  Rif  region  as  a  whole  (e.g.,  Medina  and  Cherkaoui,  1992),  and  contrasts  with  the 
predominant  thrusting  style  of  deformation  in  the  Tell  Atlas  about  200  km  farther  to  the 
east  (Figure  10,  upper  inset).  The  orientation  of  the  P  axes  for  earthquakes  in  both 
regions  is  essentially  NNW-SSE,  owing  to  the  general  NW-SE  convergence  of  Iberia  and 
Africa,  but  the  orientation  of  the  T  axes  in  the  Rif  region  is  subhorizontal  as  opposed  to 
subvertical  in  the  Tell  Atlas  (Rebai  et  al,  1992).  The  styles  of  deformation  found  in  the 
Rif  and  Tell  Atlas  represent  two  different  mechanisms  for  accommodating  the  collision 
of  Africa  and  Iberia.  The  intracontinental  deformation  occurring  in  the  Middle  and  High 
Atlas  is  also  believed  to  be  partially  accommodating  the  convergent  plate  motion  (e.g., 
Brede  et  al,  1992).  Although  strain  is  being  partitioned  between  the  interplate  Rif  and 
Tell  Atlas  and  the  intraplate  Middle  and  High  Atlas  the  nature  and  mechanism  for  this 
partitioning  is  not  well  understood.  Two  kinematic  models  have  been  proposed 
specifically  to  explain  the  strike-slip  deformation  occurring  in  the  Alboran  region:  (1) 
Trans- Alboran  Shear  zone  model  (e.g.,  Dillon  et  al,  1980;  De  Larouziere  et  al,  1988; 
Jacobshagen,  1992)  proposing  a  crustal  scale  strike-slip  fault  zone  extending  from 
southern  Spain,  across  the  Alboran  sea,  through  the  eastern  Rif,  and  possibly  into  the 
Middle  Atlas,  and  (2)  rotating  block  model  (Meghraoui  et  al,  1996)  proposing  that 
clockwise  rotation  of  crustal  blocks  results  in  sinistral  strike-slip  deformation  on  their 
borders.  The  evidence  for  a  connected  fault  system  spanning  the  Alboran  is  equivocal. 
Further  seismological  observations  over  longer  timescales  are  required  to  effectively 
evaluate  these  models.  The  various  models  proposed  for  the  evolution  of  the  western 
Mediterranean  (see  above.  Tectonic  summary)  all  suggest  that  the  Rif  and  Tell  Atlas 
regions,  although  both  situated  on  the  same  convergent  plate  boundary,  have  been  subject 
to  differing  geodynamic  processes  during  Neogene  and  Quaternary  time.  The  inheritance 
of  controlling  lithospheric  structure,  or  the  continuation  of  subcrustal  processes  such  as 
delamination  (e.g.,  Seber  et  al,  1996)  may  provide  an  explanation  for  the  distinct  styles 
of  deformation  occurring  in  the  two  regions  today. 
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Conclusions 

The  May  26,1994  Al-Hoceima  earthquake  (Mw=6.0)  is  relocated  onshore  on  the 
Mediterranean  coast  of  Morocco  and  is  associated  with  a  30  km,  NE-SW  oriented,  fore- 
and  aftershock  distribution  that  extends  partly  offshore.  Analysis  of  seismological  data 
and  seismic  reflection  profiles  suggests  that  seismic  deformation  in  the  Al-Hoceima 
region  is  characterized  by  predominantly  sinistral  strike-slip  and  normal  faulting. 
Deformation  is  occurring  over  a  distributed  zone  with  individual  faults  having  a  dominant 
NNE-SSW  to  N-S  orientation.  A  simple  model  is  suggested  for  the  formation  of  this 
region  of  distributed  shear;  we  propose  that  Miocene  strike-slip  movement  on  the  Jebha 
and  Nekor  faults  bounding  the  Al-Hoceima  region  has  resulted  in  the  formation  of 
distributed  synthetic  strike-slip  faults,  along  which  seismic  deformation  is  now  occurring. 
The  absence  of  documented  seismicity  along  the  Nekor  and  Alboran  Ridge  faults  during 
this  study  and  previous  microearthquake  studies  may  be  an  indication  that  slip  is  no 
longer  occurring  along  these  faults,  possibly  owing  to  the  present  plate  convergence 
direction.  Alternatively,  the  fractured  Al-Hoceima  region  may  be  allowing  the  transfer  of 
slip  from  along  the  Alboran  Ridge  fault  to  along  the  Nekor  fault.  If  this  is  the  case  and 
slip  is  not  occurring  aseismically  then  strain  may  be  accumulating  along  these  major 
faults. 

The  Al-Hoceima  earthquake  provides  a  further  example  of  the  difference  in  style  of 
present  deformation  of  the  Rif  and  Tell  Atlas  moimtain  belts,  and  the  complex  nature  of 
the  plate  boundary  between  Africa  and  Iberia. 
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E.  REGIONAL  DISCRIMINATION  OF  CHEMICAL  EXPLOSIONS  AND 
EARTHQUAKES:  A  CASE  STUDY  IN  MOROCCO 

Abstract 

To  examine  the  limitations  in  the  techniques  for  discriminating  between  chemical 
explosions  and  earthquakes  at  local  and  regional  distances,  we  applied  several  standard 
heuristics  to  seismic  events  in  northwest  Morocco  where  little  a  priori  information  was 
available.  Although  the  8  Oud  Zem  phosphate  mine  explosions  have  similar  geographic 
locations,  total  charge  size,  and  presumably  ripple  fired  mechanisms,  the  seismic 
recordings  are  characterized  by  a  surprising  amount  of  diversity.  Time  and  path 
independent  modulations,  owing  to  the  periodic  source  mechanism  of  the  ripple  fired 
explosions,  rarely  unequivocally  distinguish  the  explosions  from  the  earthquakes.  Our 
findings  imply  that,  more  often  than  the  current  literature  suggests,  source  inconsistencies 
such  as  differing  blasting  arrangements  play  a  role  in  the  failure  of  common 
discriminants.  Furthermore,  crustal  seismic  velocity  and  the  attenuation  structure  seemed 
to  shape  the  seismic  signals  more  than  the  nature  of  the  source  mechanism,  although  site 
effects  could  not  be  ruled  out.  The  10-15  Hz  ?glSg  ratio  test  proved  to  be  the  most 
precise  and  accurate  discriminant.  Popular  intra-phase  spectral  and  cross-spectral  ratios 
performed  considerably  worse.  Finally,  we  argue  that  a  regional  case-based  approach 
requires  extensive  regional  information  to  meet  the  demanding  verification  goals  of  the 
proposed  Comprehensive  Test  Ban  Treaty. 

Introduction 

A  Comprehensive  Test  Ban  Treaty  (CTBT)  verification  system  will  strive  to  discriminate 
background  events,  such  as  earthquakes  and  chemical  explosions,  from  an  aggressively 
evasive  nuclear  test,  such  as  a  1  kiloton  decoupled  nuclear  explosion  hidden  within 
multiple  large  chemical  explosions.  The  CTBT's  rigorous  verification  requirements  and 
today's  more  transparent  security  environment  have  brought  regional  discrimination  and 
industrial  explosions  back  to  the  foreground  of  seismic  verification  research. 

Large  industrial  explosions  for  mining  and  excavating  are  almost  always  chemical 
explosions  which  can  be  as  large  as  500  metric  tons  (Smith,  1989).  Usually  chemical 
explosions  over  a  few  tons  are  actually  a  series  of  time-delayed  sub-explosions,  or  ripple 
fired  explosions,  whose  spatial  and  temporal  layout  are  determined  by  the  purpose  of  the 
explosion,  the  topography,  and  the  equipment  available  for  the  blasts.  The  source 
multiplicity  inherent  in  ripple  fired  explosions  is  often  the  characteristic  used  to 
discriminate  large  chemical  explosions  from  nuclear  explosions  and  earthquakes  (e.g., 
Baumgardt  and  Ziegler,  1988;  Smith,  1989;  Kim  et  a/.,  1994).  Various  compressional 
and  shear  wave  ratios  (amplitude  and  spectral)  have  been  used  to  discriminate  between 
all  types  of  explosions  and  earthquakes,  in  an  attempt  to  apply  the  basic  physical  premise 
that  explosions  excite  more  compressional  waves  than  earthquakes  relative  to  shear 
waves  (e.g.,  Pomeroy  et  al,  1982;  Taylor  et  al,  1989;  Kim  et  al,  1994;  Walter  et  al., 
1995;  Taylor,  1996). 

In  the  recent  literature,  researchers  have  studied  the  regional  discrimination  of  ripple  fired 
explosions  using  three  methodologies: 
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-  By  simulating  ripple  fired  explosion  spectra  in  order  to  predict  spectral  details 
indicative  of  ripple  fired  explosions  and  not  of  earthquakes  or  single-event 
explosions  (e.g.,  Greenhalgh,  1980;  Chapman  et  a/. ,  1992;  Smith,  1989, 1993). 

-  By  examining  differences  in  observed  compressional/shear  wave  amplitude  ratios 

(e.g.,  Baumgardt  and  Young,  1990;  Wuster,  1993). 

-  By  analyzing  observed  spectra  of  ripple  fired  explosions,  instantaneous  explosions, 

and  earthquakes  and  contrasting  time-independent  modulations,  path  independent 
modulations,  spectral  ratios,  spectral  slopes,  and  spectral  maxima  and  minima 
(e.g.,  Baumgardt  and  Ziegler,  1988;  Hedlin  et  al,  1989,  1990;  Baumgardt  and 
Young,  1990;  Smith,  1989,  1993;  Wuster,  1993;  Gitterman  and  van  Eck,  1993; 
Kim  etal,  1994). 

These  researchers  and  others  have  often  used  different  techniques  (e.g.,  spectrograms, 
cepstral  analysis,  quadratic  discrimination  functions,  linear  discrimination  fimctions)  and 
have  examined  different  frequency  windows,  but  their  general  observations  are  the  same. 
Time  independent  and  path  independent  modulations  can  be  used  to  identify  ripple  fired 
events.  Spectral  maxima  and  minima  are  influenced  by  the  spatial-temporal  pattern  of 
the  explosions  and  by  the  recording  station's  azimuth  from  that  pattern.  P/S  ratios  also 
can  be  used  to  discriminate  chemical  explosions  from  earthquakes.  All  of  these 
heuristics,  however,  have  their  limits.  First,  heuristics  that  can  be  applied  to  ripple  fired 
explosions  may  not  be  readily  transferred  to  nuclear  explosions  (Baumgardt  and  Young, 
1990;  Walter  et  al,  1995).  Second,  for  the  discrimination  success  often  advertised  for 
ripple  fired  explosions,  a  number  of  conditions  are  highly  desirable,  if  not  required,  such 
as  favorable  geologic  conditions  (e.g.,  laterally  homogeneous  velocity  structure  and  low 
anelastic  attenuation),  the  use  of  a  regional  array,  relatively  high  signal-to-noise  ratios 
with  a  diverse  calibration  (or  "training")  set  on  which  to  base  comparisons,  or  a 
combination  of  the  above  (e.g.,  Hedlin  et  al,  1990;  Smith,  1989,  1993;  Wuster,  1993; 
Kim  et  al,  1994).  In  order  to  arrive  at  the  details  behind  some  of  the  heuristics 
employed,  some  of  the  studies  have  required  significant  a  priori  information,  such  as 
meticulously  kept  blasting  logs  (e.g.,  Greenhalgh,  1980;  Chapman  et  al,  1992;  Smith, 
1989,  1993;  IGm  et  al,  1994).  While  these  ideal  conditions  are  very  useful  for 
experimentally  confirming  the  basic  phenomena  of  ripple  fired  explosions,  these  ideal 
conditions  do  not  exist  in  a  significant  part  of  the  world. 

This  study  applies  many  of  the  techniques  and  tools  mentioned  above  to  a  new  geologic 
setting,  Morocco,  under  less  favorable  circumstances.  The  constraints  and  limitations  of 
spectral  discrimination  techniques  will  be  qualitatively  explored  by  examining  source  and 
path  effects.  Also,  some  of  the  previously  cited  discrimination  methods  will  be  employed 
in  an  attempt  to  develop  a  systematic  discriminant  that  minimizes  case-by-case  analyses. 
To  some  extent,  our  study  can  serve  as  an  assessment  of  current  discrimination 
techniques  in  a  complicated  world  of  inadequate  information.  Attention  will  be  paid  to 
failures,  particularly  when  those  failures  could  be  a  result  of  geologic  conditions,  such  as 
crustal  structure. 
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Figure  1.  The  seismic  events  and  stations  used  in  this  study  are  located  in  northwest  Morocco.  The 
triangles  denote  the  1  Hz  seismic  stations;  the  8  phosphate  mine  explosions  are  located  inside  the 
oval;  the  squares  mark  the  epicenters  of  the  earthquakes;  and  "Makris"  and  "Wigger"  are  the 
refraction  profiles  from  which  velocity  information  was  obtained. 
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Figure  2.  (a)  Seismogram  and  filtered  acceleration  spectrogram  for  explosion  Xa  recorded  at  station 
KSI.  Notice  the  two  time  independent  modulations,  (b)  A  different  source  of  similar  size,  Xb, 
recorded  after  traveling  about  the  same  path  and  distance  as  Xa.  Note  what  may  be  a  second  Pg 
arrival  and  its  interference  effects  by  comparing  with  the  recorded  Xa  data,  (c)  Signal  from  Xa  at 
TNF  after  crossing  the  Middle-High  Atlas  junction,  (d)  Explosion  Xb  after  passing  through  the  same 
crustal  structure.  Propagation  or  site  effects  seem  to  dominate  the  signal  in  comparison  with  source 
effects. 
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Crustal  Structure  of  Northwest  Morocco 

The  seismic  events  and  stations  used  in  this  study  are  located  in  northwest  Morocco 
(Figure  1).  The  collision  of  the  African  and  Eurasian  plates  governs  Morocco's 
geomorphology  (e.g.,  Jacobshagen  et  al.,  1988).  The  Atlas  mountains  of  Morocco  are  an 
active  intracontinental  mountain  system  composed  of  two  inverted  Mesozoic  rift  systems: 
the  High  Atlas  that  runs  approximately  east-west,  and  the  Middle  Atlas  that  trends 
northeast  and  merges  into  the  interplate  Betic-Rif  mountain  system. 

Although  most  refraction  velocity  profile  data  for  the  Moroccan  crust  and  uppermost 
mantle  are  not  well  established,  two  studies  provide  pertinent,  but  approximate,  profile 
information  about  the  two  paths.  The  Makris  et  al.  (1985)  profile  (labeled  "Makris"  in 
Figure  1)  showed  that  the  direct  P-wave  travels  at  a  velocity  of  5.5  km/s  and  is  finally 
overtaken  by  after  nearly  40  km  at  an  apparent  velocity  of  6.0  km/s,  because  the 
thickness  of  the  sediments  is  almost  4  km  and  the  velocity  contrast  is  small.  The  Pn 
velocity  is  somewhat  slow  at  7.8  km/s  and  does  not  appear  as  the  first  arrival  until 
approximately  140  km,  if  it  can  be  seen  over  the  background  noise.  Also,  Makris  et  al. 
found  an  apparent  velocity  to  be  approximately  3.3  km/s  homogeneous  along  the 
profile,  and  the  Moho  to  be  about  30  km  deep.  Wigger  et  al.  (1992)  found  from  their 
profile  (labeled  "Wigger"  in  Figure  1)  the  Moho's  depth  to  be  approximately  35  km  with 
an  average  ?n  velocity  at  the  uppermost  mantle  of  about  7. 7-7. 9  km/s,  also  relatively 
slow,  as  was  found  in  the  Makris  et  al.  profile.  They  also  determined  that  the  maximum 
thickness  of  the  crust  was  under  the  northern  border  of  the  High  Atlas  at  38-39  km. 
Finally,  both  studies  concluded  that  the  Middle  and  High  Atlas  lack  a  substantial  root. 
This  point,  however,  is  still  contentious. 

Data 

The  Oud  Zem  phosphate  mines  in  the  Moroccan  Meseta  provide  an  opportunity  to 
analyze  recordings  produced  by  ripple  fired  explosions  different  than  those  already  noted 
in  the  literature  (Figure  1).  Blasting  engineers  in  Morocco  may  use  different  equipment 
and  techniques  for  surface  mining  than  either  what  the  European  engineers  use  for  quarry 
mining  in  Norway,  Sweden,  and  Germany  or  what  the  American  engineers  use  for  quarry 
mining  in  New  York,  Kentucky,  and  Minnesota  (locations  of  ripple  fired  events  in  the 
literature  cited  above).  As  might  frequently  occur  in  a  treaty  verification  scenario,  these 
spatial-temporal  variations  were  undocumented  in  the  blasting  logs.  An  explosion’s 
geometrical  layout  and  timing  could  directly  influence  the  spectral  details  of  a 
seismogram  (e.g.,  Greenhalgh,  1980;  Chapman  et  al.,  1992).  As  already  discussed,  the 
geologic  setting  is  certainly  different  from  previous  investigations— for  both  the  source 
and  the  propagation  path.  For  instance,  Greenhalgh's  (1980)  and  Smith's  (1989,  1993) 
propagation  paths  crossed  a  low-attenuating  continental  shield,  as  did  the  paths  in  the 
studies  of  Scandinavian  events  (e.g.,  Baumgardt  and  Ziegler,  1988;  Baumgardt  and 
Young,  1990;  Hedlin  et  al.,  1990).  Our  analysis  from  events  in  the  Moroccan  Meseta 
complements  this  previous  work. 

The  seismic  stations  of  the  Moroccan  national  network  used  in  this  study  consist  of  short 
period  (1  Hz),  vertical-component.  Ranger  geophones  that  are  linked  through  radio  and 


156 


telephone  telemetry  to  the  Centre  National  de  Coordination  et  de  Planification  de  la 
Recherche  Scientifique  et  Technique  in  Rabat.  The  instrument  response  of  these 
geophones  is  considered  flat  for  the  bandwidth  of  primary  interest  in  this  study  (1-12 
Hz).  The  events  are  recorded  by  both  analog  and  digital  data  acquisition  systems;  the 
digital  data  are  sampled  at  100  Hz.  The  earthquake  magnitudes  cited  in  Table  1  are 
duration  magnitudes  calculated  by  the  Centre  using  the  analog  recordings.  The  other 
three  non-explosion  events,  for  which  magnitudes  are  not  listed,  were  not  found  in  the 
Centre’s  bulletin.  Precise  magnitude  information,  however,  is  not  required  for  our 
analysis;  all  of  the  events  are  comparable  in  size,  roughly  in  the  2-3  magnitude  range. 
For  our  locations  and  for  our  signal  analysis,  we  used  the  digital  recordings. 

After  subjecting  all  available  explosion  seismograms  to  a  number  of  tests,  described 
below  in  Processing  Methods,  the  explosion  population  was  trimmed  down  to  8 
explosions  (labeled  Xa  through  Xh)  with  a  total  of  33  recordings.  All  available  a  priori 
information  about  the  explosions  from  blasting  logs  is  listed  in  Table  1 .  Because  of  their 
total  charge  size  and  their  presumed  purpose  (phosphate  surface  mining),  the  explosions 
are  assumed  to  be  ripple  fired.  Spatial-temporal  layout  data  independent  of  the  seismic 
analysis  were  not  available. 

Although  the  orogenic  regions  of  Morocco  are  seismically  active,  the  same  cannot  be  said 
of  the  Moroccan  Meseta  near  the  phosphate  mines.  After  searching  through  a  database  of 
hundreds  of  recent  seismic  events  recorded  by  the  Moroccan  national  network  (for 
database  and  event  location  methodology  specifics,  see  Calvert  et  al,  1997),  only  6 
(labeled  Qa  through  Qf)  crustal  events  were  found  that  might  have  propagation  paths 
similar  to  those  of  the  known  explosions,  judging  from  the  propagation  distances,  event- 
station  azimuths,  and  associated  topography.  After  subjecting  the  seismograms  of  these 
events  to  a  number  of  tests  like  those  of  the  explosions,  the  record  population  was 
reduced  to  only  13  recordings.  Each  of  the  non-Oud  Zem  phosphate  mine  events  was 
located  using  about  5  or  6  recordings.  Location  information  is  listed  in  Table  1.  Owing 
to  typical  errors  found  in  hypocenter  inversions,  the  locations  coiild  vary  by  several 
kilometers. 


Table  1.  Seismic  Event  Information 


Event 

Source  Type 

Date 

Time 

Qa 

Earthquake 

07/13/92 

06:12:48 

Qb 

Earthquake 

07/14/92 

19:34:35 

Qc 

Earthquake 

07/21/92 

18:31:45 

Qd 

Unknown 

10/30/92 

15:24:08 

Qe 

Earthquake 

12/13/92 

18:57:12 

Qf 

Earthquake 

06/17/94 

23:58:32 

Xa 

Surface  B1 

01/12/93 

17:25:- 

Xb 

Surface  B1 

01/16/93 

14:06:- 

Xc 

Surface  B1 

01/18/93 

15:29:- 

Latitude(N) 

Long.(W)  Mag/Charge 

33.295 

6.183 

2.0 

32.210 

7.783 

- 

32.226 

7.889 

- 

32.592 

6.665 

- 

32.150 

6.640 

2.6 

32.403 

8.222 

2.7 

32.768 

6.767 

26,750  kg 

32.756 

6.824 

20,000  kg 

32.751 

6.836 

35,000  kg 
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Xd 

Surface  B1 

01/19/93 

15:45:- 

Xe 

Surface  B1 

01/20/93 

14:13:- 

Xf 

Surface  B1 

01/21/93 

12:49:- 

Xg 

Surface  B1 

01/21/93 

14:35:- 

Xh 

Surface  B1 

01/23/93 

12:48:- 

32.752 

6.838 

33,100  kg 

32.760 

6.818 

20,000  kg 

32.759 

6.819 

20,000  kg 

32.820 

6.719 

30,000  kg 

32.787 

6.846 

07,750  kg 

Unknown  event  Qd  is  most  certainly  an  explosion. 


As  in  most  verification  operations,  not  all  of  the  seismic  events  labeled  as  earthquakes  are 
actually  earthquakes.  At  some  point,  they  are  determined  to  be  earthquakes  by  excluding 
other  sources,  such  as  ripple  fired  explosions.  Relevant  ground-truth  data  are  not 
available  a  priori  for  all  events  (in  the  CTBT  system,  seismic  monitoring  efforts  trigger 
the  search  for  ground-truth).  Among  our  events,  only  the  events  labeled  as  explosions  are 
confirmed  identifications,  based  on  their  listings  in  blasting  logs.  Considering  the  mining 
practices  in  the  Moroccan  Meseta  region,  the  other  events  can  never  be  absolutely 
classified  as  earthquakes,  because  we  cannot  be  certain  that  the  blasting  information  for 
every  explosion  has  been  properly  filed  and  distributed.  Thus,  as  with  many  regions  of 
verification  interest,  all  events  in  the  Meseta  region  should  be  treated  with  some 
skepticism,  even  those  listed  in  local  bulletins  as  earthquakes.  For  instance,  Qb  and  Qc 
are  located  near  a  region  known  to  have  had  phosphate  mines  at  one  time,  but  they  are 
not  located  at  the  active  phosphate  mines  themselves.  The  origin  times  of  Qb  and  Qc  are 
both  in  the  early  evening.  Most  of  the  known  explosions,  however,  were  blasted  in  mid- 
aftemoon.  Thus,  a  priori  (before  any  processing  other  than  their  location),  events  Qb  and 
Qc  are  probably  earthquakes.  Our  analysis  (discussed  below)  does  not  contradict  this 
assumption,  and  with  event  Qc,  our  analysis  supports  this  conclusion.  On  the  other  hand, 
Qd  is  most  certainly  an  explosion,  but  it  is  still  not  labeled  as  such  since  it  cannot  be 
independently  ruled  out  as  an  earthquake  any  more  than  the  other  earthquakes.  It  is 
located  near  the  phosphate  mines,  but  once  again  it  is  not  at  the  known  mines  themselves. 
The  Qd  origin  time  is  in  mid-afternoon,  prime  time  for  the  explosions.  The  Results 
section  will  provide  more  information  to  sort  out  these  events,  which  are  classified  as 
earthquakes  throughout  all  analyses.  Readers  should  be  aware  of  these  complexities  in 
constructing  any  “training”  or  “calibration”  set  for  regions  that  provide  the  best 
opportunities  for  discrimination  studies,  that  is,  where  seismic  activity  and  mining 
activity  coexist  (cf.  Baumgardt  and  Yoimg,  1990). 

Processing  Methods 

Only  seismic  stations  that  recorded  both  earthquakes  and  explosions  in  proportionate 
numbers  were  included  in  the  analysis  in  order  to  accoimt  for  station  effects  and  thus  to 
allow  direct  comparisons  between  events.  Recordings  that  have  imder  a  2: 1  rms  signal  to 
noise  ratio  (or  more  accurately,  (S+N)/N)  were  eliminated  from  the  population.  The 
noise  was  approximated  from  a  10  second  window  preceding  the  first  motion  of  the 
seismogram.  These  two  tests  eliminated  over  50  recordings  for  the  events  listed  in  Table 
1  and  disqualified  6  other  events  completely.  Those  disqualified  events  are  not  listed  in 
Table  1. 
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For  the  purpose  of  this  study,  the  Pg  phase  was  defined  by  the  6.0  -  4.5  km/s  apparent 
velocity  window.  Sg  was  in  the  3.7  -  2.7  km/s  velocity  window.  The  Pg  window  ^ways 
missed  any  possible  P«  phase,  but  it  sometimes  did  not  capture  the  first  motion  of  the  Pg 
phase,  usually  in  the  case  of  distant  events  farther  than  175  km.  If  the  6.0  km/s  point  was 
before  the  first  motion  of  the  seismogram  (which  was  "hand"  picked),  then  the  velocity 
window  did  contain  some  noise.  These  two  consequences  were  intentional  in  order  to 
abide  by  a  strict  velocity  window  setup  which  allows  for  comparisons  with  other  studies 
in  the  literature.  The  Sg  velocity  window  was  terminated  at  2.7  km/s  to  eliminate  any 
influences  from  Rg.  Rg  was  visible  in  a  few  recordings  but  was  not  utilized 
systematically  because  of  its  uncertainity  and  because  of  its  limited  utility  for  regional 
verification  efforts,  since  it  is  mostly  used  as  a  depth  discriminant  (cf ,  Taylor  et  al, 
1989;  Kim  et  al,  1994).  The  Pg  and  Sg  windows  were  relatively  long  for  two  reasons: 
to  encompass  a  significant  portion  of  each  phase’s  coda  which  might  amplify  the  effects 
of  time-independent  modulation,  and  to  allow  for  variations  in  apparent  velocity  with 
propagation  distance.  Velocities  for  the  explosions  were  calibrated  from  the 
observational  data  of  the  earthquakes,  since  the  explosion  origin  times  were  known  only 
to  the  nearest  minute.  The  explosion  locations,  however,  were  noted  to  a  thousandth  of  a 
degree  in  the  blasting  logs. 


In  order  to  emphasize  different  properties  such  as  time  independent  modulations  and  path 
independent  modulations,  spectra  are  displayed  in  a  variety  of  ways.  To  highlight 
possible  modulations,  all  spectra  are  calculated  as  acceleration  amplitude  spectra  to 
enhance  the  higher  frequencies  relative  to  the  lower  frequencies.  The  basic  computations 
and  approximations  behind  the  spectra  displays  for  all  phase  windows  are  the  same.  The 
calculation  of  a  spectrogram  is  given  as  an  example.  Each  time-frequency  distribution 
(i.e.,  spectrogram)  is  a  compilation  of  acceleration  spectra  from  3.84  second  Avindows 
centered  around  1.92  second  intervals  (for  50%  overlap)  between  8.6  and  1.4  km/s  group 
velocities.  The  acceleration  spectrum  mapped  at  each  interval  on  the  spectrogram  was 
calculated  in  the  following  way.  First,  the  entire  velocity-response  time  series  was 
differentiated  and  demeaned  to  give  the  acceleration-response.  Each  3.84  second 
window  was  lengthened  with  alternating  time-inverted  copies,  to  about  80  seconds.  The 
lengthening  and  flipping  process  minimizes  any  discontinuities  and  phase  distortions 
from  the  filtering,  facilitates  the  harming,  and  reinforces  a  stationary  signal  assumption, 
all  of  which  are  described  below.  This  lengthened  series  was  filtered  with  a  2nd  order 
zero  phase  Butterworth  filter.  The  3dB  comer  frequencies  of  the  pass-band  were  1  Hz 
and  25  Hz.  This  served  both  as  an  anti-aliasing  filter  for  the  appendage  process  (which 
introduced  its  own  periodicity)  and  as  a  frequency  response  filter  for  the  seismograph, 
although  signal-to-noise  ratios  usually  became  unacceptable  (less  than  2:1)  anywhere 
from  10  Hz  to  20  Hz.  After  filtering,  the  "lengthened"  time  series  was  modeled  as  a 
stationary  random  signal,  and  its  power  spectrum  was  estimated  using  the  Welch  method 
with  a  512  pt.  fast-fourier  transform,  100%  harming,  and  50%  overlap  (Welch,  1967; 
Oppenheim  and  Schafer,  1989).  From  experimentation  with  other  lengths  (e.g.,  8,  30, 
and  61  seconds)  the  lengthening  process  does  not  significantly  change  the  spectrum  in  the 
1  -  25  Hz  range,  but  it  does  smooth  the  spectrum  below  1  Hz.  The  amplitude  of  the 
acceleration  power  spectrum  was  obtained  by  taking  the  square  root  of  the  power 
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spectrum,  as  is  often  used  (e.g.,  Wuster,  1993).  For  the  spectrograms,  the  log  of  the  noise 
spectra  was  subtracted  from  the  log  of  the  signal  spectrum.  The  noise  spectra  are 
generally  subtracted  out  for  all  displayed  spectra,  unless  the  noise  spectra  are  displayed 
underneath  the  signal  spectra.  All  spectra  were  smoothed  using  a  very  conservative  3 
point  moving  average  filter. 

Since  frequency  resolution  is  always  inversely  proportional  to  time  resolution  in  Fourier 
analysis,  compromises  had  to  be  made  with  the  window  lengths.  With  our  data  set,  this 
spectral  estimate  method  seemed  to  provided  an  optimal  trade-off  between  resolution, 
spectral  variance,  and  calculation  speed  for  the  windows  of  interest.  The  short  windows 
(considering  the  100  Hz  sampling  rate)  were  necessary  to  resolve  the  phases  of  the  local 
events.  Also,  short  windows  are  preferable  so  that  the  signal  characteristics  within  the 
window  may  be  approximated  as  stationary.  These  3.84  second  window  lengths, 
however,  should  not  conceal  time  independent  modulations,  that  is,  with  this  window 
length,  time  independent  modulations  should  be  observable  throughout  Pg,  Sg,  and  their 
codas  (cf  the  4  second  windows  of  Kim  et  al,  1994).  The  relatively  low  rms  signal-to- 
noise  ratios  for  our  data  (greater  than  2)  and  the  signals’  frequency  complexity  were 
thought  to  be  the  limiting  factors  for  spectral  resolution,  and  not  simply  the  dynamic 
range  of  the  data.  Under  these  circumstances,  the  conservative,  stable,  and  readily 
available  Welch  method  is  adequate.  This  conclusion  was  supported  by  qualitatively 
comparing  a  variety  of  spectral  estimation  techniques  with  the  Welch  method,  such  as  the 
methods  of  Blackman-Tukey  (1958),  Capon  (1969),  and  the  maximum-likelihood  and 
maximum-entropy  methods  of  SAC  2000,  Lawrence  Livermore  National  Laboratory’s 
seismic  analysis  program  (Lacoss,  1971;  Kanasewich,  1981).  For  the  few  recordings 
compared,  the  variability  of  the  spectral  estimates  were  minimal.  No  estimator 
convincingly  revealed  time  independent  modulations  where  the  others  did  not. 

The  calculation  of  the  spectral  discriminants  was  straightforward  following  previous 
spectral  discrimination  studies  (e.g.,  Taylor  et  al,  1989;  Walter,  1995;  Taylor,  1996). 
The  spectral  ratios  were  calculated  by  dividing  the  sums  of  the  spectral  amplitudes  in 
each  respective  band.  The  amplitude  spectra  were  calculated  using  the  above  Welch 
spectrum  estimation  technique  on  each  complete  phase  window  (6.0  -  4.5  km/s  for  Pg, 
and  3.7  -  2.7  km/s  for  Sg),  but  without  the  differentiation.  Since  the  instrument  response 
is  considered  to  be  essentially  flat  for  the  frequency  range  of  interest  in  this  paper,  it  is 
not  deconvolved  from  the  spectra,  and  noise  is  assumed  to  cancel  out  in  the  spectral 
ratios.  The  Pg/Sg  maximum  amplitude  ratio  was  calculated  by  dividing  the  sums  of  the 
largest  1%  of  each  phase  window’s  amplitudes  in  the  1  -  25  Hz  frequency  band.  Any 
first  order  dependency  on  propagation  distance  was  removed  from  the  ratios  with  a  linear 
least  squares  fit.  This  correction  slightly  improved  the  performance  of  the  discriminants 
(for  all  cases  the  slope  of  the  fit  was  less  than  about  five  percent  of  the  overall  spread). 
The  discriminant  line  was  rather  arbitrarily  chosen  as  the  median  value  of  the 
earthquakes.  The  authors  are  aware  of  statistical  methods  for  selecting  the  discriminant 
line  (e.g..  Elvers,  1974;  Taylor  et  al,  1989;  Woodward  and  Gray,  1995;  Fisk  et  al,  1996; 
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Figure  3.  (a)  Filtered  acceleration  spectra  of  Xa's  phases  as  recorded  at  TNF.  "All"  is 
the  logarithmic  mean  of  the  phase  spectra,  (b)  Explosion  Xb's  acceleration  spectra. 
Notice  Xa's  prominent  time  independent  modulations  in  comparison  with  Xb's  spectra. 
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Xb-MSH  (dis=1 66km,  baz=245°)  Qe-MSH  (dis=1 92km,  baz=224°) 


Figure  4.  (a)  Explosion  Xb's  seismogram  and  spectrogram  recorded  at  MSH  in  the  Middle  Atlas,  (b)  Earthquake  Qe's  signal  at 
MSH  after  traveling  a  comparable  path.  Although  clearly  Xb’s  signal  has  proportionally  higher  frequencies  and  is  possibly  more 
complex,  both  signals  have  similar  distributions  in  time-frequency  space  in  comparison  to  the  spectrograms  of  Figure  2. 


Taylor,  1996),  but  our  small  and  uncertain  training  set  does  not  warrant  such  approaches. 

Analysis  and  Results 

The  seismic  recordings  of  the  8  Oud  Zem  phosphate  mine  explosions  were  characterized 
by  a  surprising  amount  of  variability  in  view  of  their  similar  purpose,  total  charge 
magnitude,  ripple-fired  mechanism,  and  location  (Table  1).  While  phase  and  path 
independent  spectral  scalloping  were  noticeable  in  many  of  the  signals  to  some  extent, 
those  features  were  hardly  ubiquitous.  Furthermore,  among  the  signals  for  which  spectral 
modulation  was  clearly  evident,  the  frequencies  of  their  maxima  and  minima  were  not 
correlated,  even  for  those  cases  where  the  propagation  path,  recording  station,  and  total 
charge  size  were  similar.  These  observations  suggest  that  the  spatial-temporal 
arrangement  of  the  source  varied  considerably,  whether  intentionally  as  a  result  of  blast 
requirements  or  crew  preferences,  or  as  a  result  of  misfirings.  For  example,  Figure  2 
shows  the  seismograms  and  velocity-frequency  distributions  for  two  explosions,  Xa  and 
Xb,  both  comparable  in  size  (Table  1)  and  both  exploded  at  the  Oud  Zem  site.  The 
signals  shown  in  Figures  2a  and  2b  are  recorded  by  the  same  seismograph  station,  KSI, 
within  a  week’s  time.  From  Xa's  spectrogram,  two  phase  independent  modulations  can 
be  noted,  one  at  about  3  Hz  and  the  other  at  about  7  Hz.  In  other  words,  the  spectrogram 
has  a  time  independent  “valley”  at  about  4  to  5  Hz.  It  should  be  noted  that  this  feature 
could  be  emphasized  by  shading,  color,  or  even  a  different  spectrogram  perspective,  but 
that  individualized  analysis  is  impractical  for  any  large-scale  verification  system  (in  the 
initial  stages  of  characterization)  and  is  beyond  the  scope  of  most  previous  discrimination 
studies  that  attempt  to  minimize  case-by-case  analyses.  Turning  to  Xb's  spectrogram, 
any  phase  independent  modulations  are  not  obvious.  Xb’s  spectrogram  is  less  coherent. 
The  destructive  interference  apparent  in  Xb's  spectrogram  and  seismogram  could  be  the 
result  of  a  second  blast  bench,  if  it  is  significant  in  charge  size  in  relation  to  the  initial 
rippled-fired  blast.  This  hypothesis  is  supported  by  a  large  arrival  on  Xb's  seismogram 
just  after  the  first  motion  at  zero  time.  The  corresponding  Sg  doublet  is  not  readily 
visible.  The  brief  listing  for  Xb  in  the  blast  log  only  notes  one  blast  bench.  This 
abnormality  is  one  of  the  more  conspicuous  variations  among  the  observed  ripple  fired 
source  mechanisms. 

Surficial  features  such  as  topography,  which  could  reflect  crustal  heterogeneity,  seemed 
to  affect  the  seismic  signals.  Figures  2c  and  2d  are  the  recorded  signals  of  explosions  Xa 
and  Xb,  respectively,  at  station  TNF  (Figure  1).  The  recordings'  back-azimuths  to  the 
location  of  the  explosions  are  comparable  to  those  at  the  KSI  station.  The  seismic  signals 
from  explosions  Xa  and  Xb  are  similarly  filtered  presumably  by  their  propagation 
through  the  Middle-High  Atlas  junction.  The  Sg  phase  is  much  more  attenuated  than  the 
Pg  phase.  The  resulting  spectrograms  are  dramatically  different  than  their  counterparts 
constructed  from  the  signals  recorded  at  the  KSI  station.  Note  that  at  this  distance,  the 
effect  of  that  postulated  second  blast  bench  on  the  time-  frequency  distribution  are 
minimal,  perhaps  owing  to  both  the  change  in  time  scale  and  path  effects  (in  this  case,  we 
cannot  separate  path,  distance,  and  site  effects).  Still,  the  relative  acceleration  spectra  of 
each  explosion's  phases,  shown  in  Figure  3a  and  3b,  do  reveal  some  possible 
deconstructive  interference.  The  "all"  line  is  the  logarithmic  mean  of  the  phase  spectra. 
As  expected  from  explosion  Xa's  spectrogram,  Xa's  modulations  are  much  more 
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prominent  than  those  of  Xb.  The  phase  independence  of  Xb's  scalloping  is  still  not 
apparent. 

Propagation  effects  appear  to  conceal  differences  between  the  seismic  signals  of 
explosions  and  earthquakes.  An  explosion  and  earthquake  which  were  quite 
distinguishable  with  spectral  analysis  at  one  station  (whose  back-azimuth  and  distance  to 
each  event  were  similar),  were  in  some  cases  much  less  distinguishable  when  using 
recordings  at  other  stations.  A  representative  case  is  that  of  explosion  Xb  and  earthquake 
Qe  (Figure  4).  For  both  events  the  and  amplitudes  recorded  at  MSH  are  of  the 
same  order  of  magnitude,  and  the  energy  of  the  phases  is  distributed  similarly  in 
frequency  space  (Figures  4a  and  4b).  The  explosion's  Pg  /  Sg  ratio  is  larger  than  that  of 
the  earthquake,  and  more  of  the  explosion's  energy  spills  over  into  higher  frequencies 
(Figures  4a  and  4b).  A  comparison  of  explosion  Xb's  recording  at  MSH  (Figure  4a)  with 
that  at  KSI  (Figure  2b)  and  TNF  (Figure  2d)  shows  the  importance  of  azimuthal  and 
propagation  effects,  as  well  as  highlights  the  similarities  between  Xb's  and  Qe's  signal  at 
MSH  (possibly  from  site  effects).  For  instance,  contrasting  Xb’s  recording  at  MSH 
(Figure  4a)  and  TNF  (Figure  2d),  which  are  at  comparable  distances,  the  TNF 
spectrogram  has  more  high  frequency  energy  relative  to  low  frequency  energy  and  has 
more  Pg  energy  relative  to  Sg  energy  than  the  MSH  spectrogram.  As  seen  in  Figure  5a, 
the  scalloping  of  the  explosion  signal  is  relatively  consistent  for  the  lower  frequencies 
within  two  path  groups,  that  of  CLZV  and  TNF,  and  that  of  KSI,  MSH,  and  TAZ,  whose 
paths  differ  significantly  (Figure  1).  Above  8  Hz,  the  frequency  maxima  and  minima 
within  these  groups  no  longer  correlate.  As  in  Xb's  case,  for  Qe's  acceleration  spectra  the 
lower  frequency  maxima  and  minima  of  CLZV  and  TNF  correlate  (Figure  5b).  Because 
of  the  above  similarities,  it  is  difficult  to  recognize  path  independent,  source  related 
modulations.  These  observations  indicate  that  path  dependencies,  rather  than  source 
characteristics,  seem  to  dominate  the  signal's  form. 

As  discriminants,  the  most  successful  ratio  tests  were  the  5-10  Hz  Pg  /  5-10  Hz  Sg  and 
10-15  Hz  Pg  /  10-15  Hz  Sg  cross-phase  tests  (Figure  6).  The  variance  in  the  ratios  of 
both  tests,  due  to  differences  in  the  recording  station  or  in  path  effects  (but  not  distance 
effects),  was  still  considerable.  The  narrower  cross-phase  and  cross-spectral  ratio  tests 
(e.g.,  6-8  Hz  Pg  /  6-8  Hz  Sg  and  1-2  Hz  Pg  /  6-8  Hz  Sg)  were  less  effective  (Figure  7), 
and  the  cross-spectral  ratio  tests  within  phases  (e.g.,  the  narrow  versions,  1-2  Hz  Sg  /  6-8 
Hz  Sg,  as  well  as  the  corresponding  broader  versions  which  are  not  displayed,  e.g.,  1-4 
Hz  Sg  /  5-10  Hz  Sg)  were  significantly  less  effective  (Figure  8).  The  Pg/Sg  maximum 
amplitude  test  was  also  ineffective  (not  displayed).  If  the  two  spectral  discriminants  of 
Figure  6  are  integrated  by  a  union  (vis-a-vis  intersection)  and  seismic  information  from 
only  a  single  station  is  available,  then  a  single  explosion  recording  has  a  12%  probability 
of  being  classified  as  an  earthquake,  and  a  single  earthquake  recording  has  a  23% 
probability  of  being  classified  as  an  explosion.  If  all  of  the  recordings  of  an  event  were 
used  in  the  discrimination  scheme  (an  unweighted  network  average  for  each  event),  then 
only  "earthquake"  Qd  would  be  "misclassified."  The  other  discriminants  did  not 
demonstrate  such  results  (and  in  only  one  of  the  other  discriminants,  6-8  Hz  Pg  /  6-8  Hz 
Sg,  is  Qd  an  outlier).  As  already  mentioned  in  the  Data  section,  judging  from  a  priori 
information  such  as  origin  time  and  location,  event  Qd  is  most  likely  an  explosion  and 
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Normalized  Acceleration  Amplitude 


Figure  5.  (a)  The  acceleration  spectra  of  explosion  Xb  at  different  stations,  (b) 

Earthquake  Qe's  acceleration  spectra.  Notice  the  correlation  between  the  acceleration 
spectra  of  CLZV  and  TNF  and  their  differences  with  that  of  MSH  for  both  the  explosion  and 
earthquake,  especially  in  the  3  to  6  Hz  range. 
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event 


Figure  6.  (a)  The  5-10  Hz  Pg/Sg  ratio  test  sorted  by  source,  (b)  The  more  precise  10-15  Hz 
Pg/Sg  ratio  test.  The  o's  mark  the  discriminant  values  for  the  earthquakes;  the  asterisks  mark  the 
values  for  the  explosions;  and  the  x's  mark  the  imweighted,  simple,  network  average  for  each 
event.  See  Table  1  and  text  for  information  about  source  Qd,  which  is  most  likely  an  explosion. 


166 


not  an  earthquake  (but  independent  confirmation  is  not  available  through  blasting  logs, 
etc.,  so  the  event  is  assumed  to  be  an  earthquake).  If  Qd  is  considered  an  explosion  in  the 
training  set,  then  the  network  approach  using  the  5-10  Hz  Pg  /  5-10  Hz  Sg  and  10-15  Hz 
Pg  /  10-15  Hz  Sg  discriminants  would  classify  every  event  correctly.  Thus,  since  the 
original  discriminant  is  based  on  a  flawed  training  set,  its  results  represent  a  worst  case 
scenario  which  reflects  some  of  the  challenges  of  constructing  a  discriminant  in  a  world 
of  uncertain  and  incomplete  information. 

Discussion 

The  large  regional  variability  of  source  mechanisms,  source  geologic  conditions,  and 
propagation  paths  and  the  geophysical  and  seismological  community's  relative  lack  of  a 
comprehensive  physical  understanding  of  propagation  effects,  have  encouraged  site- 
dependent,  case-based  approaches  for  discriminating  between  earthquakes,  industrial 
explosions,  and  nuclear  explosions.  As  shown  by  our  study,  the  empirical  heuristics 
utilized  in  case-based  approaches  have  limitations  that  must  be  considered  by  any  CTBT 
verification  system. 

Our  findings  argue  that  more  often  than  the  current  literature  (reviewed  above)  suggests, 
source  inconsistencies  may  result  in  the  failure  of  time  independent  spectral  modulations 
to  discriminate  between  earthquakes  and  ripple-fired  explosions.  Specifically,  we  agree 
with  the  observations  of  Baumgardt  and  Young  (1990)  and  Kim  et  al  (1994)  that  for 
some  ripple  fired  explosions  time  independent  spectral  modulations  may  or  may  not 
exist,  and  that  if  they  do  exist,  they  need  not  be  consistent  among  different  explosions, 
even  if  those  explosions  originate  fi-om  the  same  mine  or  quarry.  Irregular  source  delays 
have  been  noted  elsewhere  (e.g.,  Richards  et  al,  1991).  Furthermore,  as  we  have 
observed  in  this  case,  spectral  banding  in  explosion  spectra  may  not  be  any  more  visible 
than  spectral  banding  in  earthquakes.  In  fact,  spectral  banding  has  been  clearly  observed 
in  a  few  earthquakes,  possibly  due  to  region-specific  source-receiver  paths  (e.g.,  Richards 
et  al,  1991).  As  our  results  imply,  the  inability  of  time  independent  modulations  to 
discriminate  between  earthquakes  and  explosions  may  not  necessarily  be  the  exception. 

Low  frequency  path  independent  modulations  advocated  by  Gitterman  and  van  Eck 
(1993)  also  can  be  inconclusive  for  discrimination  purposes,  possibly  as  a  result  of  the 
spatial-temporal  layout  of  the  explosion,  the  earthquake  mechanism's  radiation  pattern,  or 
disproportionate  phase  attenuation.  We  found  that  the  travel  path  through  the  Middle- 
High  Atlas  junction  significantly  attenuates  shear  waves  (in  our  case,  Sg)  with  respect  to 
the  compressional  waves.  This  observation  agrees  with,  for  example,  the  Kim  et  al 
(1994)  finding  that  Lg  propagation  was  disrupted  when  significant  structural  variations 
were  encountered,  such  as  in  their  case  the  Appalachian  platform  in  southern  New  York- 
New  Jersey.  We  also  found  that  in  the  low  frequencies,  earthquakes  often  seemed  to 
demonstrate  path  independent  spectral  modulation  similar  to  that  of  ripple  fired 
explosions;  at  higher  frequencies,  the  scalloping  from  ripple  fired  explosions  was  often 
incoherent  among  recording  stations.  As  in  the  case  of  time  independent  modulations, 
path  independent  modulations  might  exist  for  a  significant  portion  of  the  ripple  fired 
explosion  recordings,  but  they  might  not  be  conclusive  enough  in  comparison  to 
earthquake  spectra  data  to  use  consistently  and  reliably  as  a  discriminant. 
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Our  attempts  to  discriminate  between  earthquakes  and  explosions  using  spectral  ratios 
support  several  findings  in  the  literature.  First,  for  separating  explosions  from 
earthquakes  the  cross-phase  discriminants  (Pg/Sg)  seem  to  perform  better  than 
discriminants  within  the  same  phase  (Pg/Pg  or  Sg/Sg),  especially  for  low-magnitude 
events.  For  our  study,  cross-phase  spectral  discriminants,  especially  the  wider  bands 
(e.g.,  5-10  Hz  Pg  /  5-10  Hz  Sg),  were  more  effective  at  distinguishing  between  ripple 
fired  explosions  and  earthquakes  than  same-phase  cross-spectral  discriminants  (e.g.,  1-2 
Hz  Sg  /  6-8  Hz  Sg  ).  Baumgardt  and  Young  (1990)  noted  that  for  the  Baltic  shield, 
amplitude  ratios  between  compressional  and  shear  waves  were  successful  in  separating 
the  ripple  fired  blasts  from  the  earthquakes,  whereas  a  low-frequency  to  high-frequency 
Lg  spectral  ratio  test  (i.e.,  a  same-phase  cross-spectral  test)  provided  no  separation.  For 
discriminating  chemical  or  nuclear  explosions  from  earthquakes  (here,  mixing  the  two 
types  of  explosions),  Taylor  (1996)  notes  in  reviewing  the  past  performance  of  Lg 
spectral  ratios  that  in  most  regions  other  than  the  western  United  States  the  discriminant 
is  “disappointing.”  In  discriminating  between  nuclear  explosions  and  earthquakes,  none 
of  Walter  et.  al.'s  (1995)  same-phase  low  frequency  to  high  frequency  discriminants  (P«, 
Pg,  Lg,  and  Lg  coda)  performed  well  below  magnitude  (mj)  3.5.  On  the  other  hand,  high 
frequency  P/S  ratios  (in  this  study,  10-15  Hz  Pg  /  10-15  Hz  Sg)  have  been  relatively 
successful  in  a  variety  of  geological  environments.  Richards  et  al  (1991),  Kim  et.  al. 
(1994),  and  Blandford  (1995)  demonstrated  their  effectiveness  in  discriminating  between 
ripple  fired  explosions  and  earthquakes,  and  Walter  et  al.  (1996)  and  Taylor  (1996) 
convincingly  distinguished  between  NTS  nuclear  explosions  and  western  U.S. 
earthquakes  also  using  high  frequency  (greater  than  5  Hz)  P/S  ratios.  Therefore,  in 
contrast  to  same-phase  discriminants,  high  frequency  P/S  discriminants,  as  a  group, 
would  appear  to  be  relatively  effective  for  different  regions  and  paths  within  those 
regions. 

The  literature  has  been  unclear  about  whether  low  frequency  to  high  frequency  P/S 
discriminants  should  be  included  in  that  group,  because  often  the  comparison  is  not  made 
within  the  same  study  (e.g.,  Baumgardt  and  Young,  1990;  Kim  et.  al.,  1994;  Walter  et 
al,  1995;  Taylor,  1996).  This  study’s  admittedly  small  data  set  suggests  that,  for 
distinguishing  between  earthquakes  and  ripple  fired  explosion  (versus  nuclear 
explosions),  the  low  frequency  to  high  frequency  Pg  /  Sg  discriminant  is  not  as  effective 
as  the  high  frequency  cross-phase  ratios  (e.g.,  5-10  Hz  Pg  /  5-10  Hz  Sg  and  especially  10- 
15  Hz  Pg  /  10-15  Hz  Sg).  This  finding  is  consistent  with  the  work  of  Lynnes  and 
Baumstark  (1991). 

Although  Taylor  et  al.  (1989)  and  Lynnes  and  Baumstark  (1991)  find  increasing 
frequency  to  have  little  or  no  effect  on  the  compressional  to  shear  wave  discriminant’s 
performance  in  the  western  United  States,  we  find  the  effectiveness  of  the  same- 
bandwidth  Pg  /  Sg  test  to  increase  with  frequency,  in  agreement  with,  among  others, 
Baumgardt  and  Young’s  (1990)  Baltic  shield  study,  Walter  et  aL’s  (1995)  Nevada  Test 
Site  study,  and  Taylor’s  (1996)  study  of  the  western  United  States  (which,  paradoxically, 
used  the  same  recording  stations  and  many  of  the  events  from  Taylor  et  al.  (1989)).  The 
literature’s  only  potentially  portable  spectral  ratio  test  thus  becomes  less  effective  with 
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Figure  7.  (a)  The  narrower  6-8  Hz  Pg/Sg  cross-phase  ratio  test  is  almost  as  effective  as  the 
broader  5-10  Hz  test  of  Figure  6a.  (b)  The  1-2  Hz  Pg  /  6-8  Hz  Sg  cross-spectral  ratio  test  shows 
to  be  a  poor  discriminant  in  this  case. 
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Figure  8.  The  low-frequency  to  high-frequency  same-phase  spectral  ratio  tests  are 
unable  to  distinguish  the  ripple  fired  explosions  from  the  earthquakes,  even  when  the 
network  averages  are  considered. 


greater  distances  or  in  a  lower-Q  region.  In  addition,  the  Walter  et  al.  (1995)  analysis 
also  suggests  that  variations  in  this  discriminant  might  arise  from  source  medium 
differences  of  velocity,  density,  and  gas  porosity. 

This  paper  also  argues  that  the  discriminant’s  value  will  depend  upon  propagation  path 
and/or  site  effects  (our  analysis  does  not  separate  these  effects).  For  example,  the  TNF 
station  recordings  consistently  had  the  highest  Pg/Sg  values.  Also,  the  value  of  each 
event’s  discriminant  varied  substantially  by  recording  site  (each  which  used  basically  the 
same  equipment).  Even  after  Walter  et  al.  (1995)  considered  the  source  medium,  they 
still  required  path-dependent  factors  “other  than  a  simple  regional  attenuation  model.  .  . 
to  explain  the  scatter  in  the  data”  (e.g.,  the  discriminant  values  of  the  non-proliferation 
experiment’s  1  kt  chemical  explosion).  Our  posited  dependency  on  propagation  path 
agrees  with  the  findings  of  Lynnes  and  Baumstark  (1991)  for  P/S  discriminants  for 
Nevada  Test  Site  explosions.  Finally,  as  Baumgardt  and  Young  (1990)  and  Wuster 
(1993)  have  emphasized,  empirical  discriminants  are  fundamentally  limited  by  their 
training  sets.  No  doubt,  this  caveat  is  especially  applicable  for  our  small  data  set. 

Conclusions 

This  study  applied  many  of  the  standard  methods  for  discriminating  between  earthquakes 
and  ripple  fired  explosions  to  a  new  geologic  setting  (northwest  Morocco)  in  an  effort  to 
examine  the  limitations  of  these  techniques.  We  found  that  although  time  and  path 
independent  spectral  modulations  can  be  useful,  they  are  far  from  ubiquitous.  Source 
mechanisms  for  explosions  may  vary  substantially  even  among  events  from  the  same 
quarry  or  mine.  Furthermore,  crustal  structure  and/or  site  effects  determine  the  character 
of  the  seismic  signal  to  a  greater  extent  than  the  source  mechanism,  as  demonstrated  by 
spectrogram  analysis.  Despite  the  susceptibility  of  spectral  discriminant  values  for  a 
given  event  to  propagation  and/or  site  effects,  we  were  able  to  construct  a  discrimination 
technique  using  two  high-frequency,  wide-band,  Pg/Sg  spectral  ratio  tests  that  could 
systematically  discriminate  the  events  in  our  data  set.  The  training  set’s  size,  however, 
imposes  fundamental  constraints,  especially  since  nuclear  explosions  are  not  a  constituent 
of  that  data  set. 

Since  the  source,  path,  and  site  effects  noted  in  this  study  are  likely  to  play  a  role  in  all 
efforts  to  seismically  discriminate  among  nuclear  explosions,  chemical  explosions,  and 
earthquakes,  databases  that  organize  regional  geological,  geophysical,  seismological,  and 
crustal  information  are  critical  components  to  the  success  of  any  seismic  CTBT 
verification  project.  By  recognizing  the  complexity  of  seismic  discrimination,  our  study 
emphasizes  that  the  regional  case-based  approach  which  has  shown  much  promise 
requires  nothing  less  than  the  best  empirical  information. 
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